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ABSTRACT

Kumar, Anurag. Ph.D., Purdue University, December 2013. Graphene Decorated
Substrates and Their Interfacial Characteristics. Major Professor: Timothy S. Fisher,
School of Mechanical Engineering.

Carbon nanotubes and graphene have been extensively studied for their excellent
properties. As research on carbon expands, two major issues face the scientific
community: (i) Expanding the scale of synthesis and (ii) Integration of different carbon
structures for improved functionality. While significant advancements have been made in
large-scale synthesis, room for improvement remains. As the scale of production
increases, issues such as time, cost and energy that may otherwise not be very significant,
begin to play greater roles. Thus, in order to effectively transition from laboratory
prototypes to industrial products, a synthesis method that can address these issues is
strongly needed. The work in this thesis is a step towards large-scale, rapid synthesis of a
two-dimensional carbon nanostructure, namely graphene. Microwave plasma CVD
(MPCVD) growth of graphene and graphene-based nanostructures has been developed.
Very short growth times make MPCVD an attractive process. The same process has also
been used to produce nitrogen-doped graphene and graphitic nanopetals.
Integrating carbon-based structures with each other is another area which is yet to
be fully addressed. Interfaces play an important role in such integration. Seamlessly

xv
integrating different structures together with minimum interfacial resistance is one major
challenge to almost all nanomaterials. The thesis demonstrates the growth of integrated
graphene petals on carbon fibers and carbon nanotube arrays. Catalyst-free MPCVD
synthesis of multi-layer graphene extensions from carbon fiber offers a unique possibility
of minimizing interfacial losses in transport applications. Graphene petals grown on
CNTs increase the mechanical stiffness and elastic recoverability of a vertically aligned
CNT array. A 3ω method is used to study the effect of carbon deposition on thermal
interface resistance between carbon fiber and epoxy in a carbon fiber composite. It is also
shown that vertically oriented 2D graphene petals on flat substrates serve as facile,
unique template for high-density nanoparticle deposition. Such nanoparticle-decorated
graphene petals are demonstrated to serve as promising substrates for surface enhanced
Raman spectroscopy (using Ag nanoparticles) and electrochemical sensing (using Pt
nanoparticles). Finally, it is shown that few-layer graphene films on Cu serve as
oxidation barrier under ambient, high temperature and under extreme conditions such as
that of flow boiling.

1

CHAPTER 1. INTRODUCTION

1.1

Motivation
Carbon exists in a variety of allotropes in both bulk and nanostructured form. Since

the discovery of fullerenes and carbon nanotubes, nanostructured forms of carbon have
attracted increasing attention. Discovery of graphene in the last decade provided further
impetus to research on carbon based nanostructures. Expanding the scale of synthesis and
integration of different carbon based structures for improved functionality are the two
major issues that need to be addressed in order to enable a large scale application of these
nanostructures. Ways and means to seamlessly integrate grown nanostructures into
devices with minimum intervening steps is one area which needs to be addressed. As the
scale of production increases, issues like time, cost and energy which may otherwise not
be very significant, begin to play a greater role. Thus, in order to effectively transition
from laboratory prototypes to industrial products, a synthesis method which can help
address these issues is strongly needed. The work in the thesis is a step towards large
scale rapid synthesis of two dimensional carbon nanostructure, namely graphene .
Integrating carbon based structures with each other and with other materials is
another area which is yet to be properly addressed. Different forms of carbon when
combined together can have a synergistic effect and lead to an improvement in the overall
property. While there have been efforts to use the synergy between different carbon
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forms by combining two or more of carbon nanostructures for applications like
composites [1] and charge storage [2], not much has been done in the direction of
integration of two or more carbon based structures with each other. Such integration
would open pathways for creating all carbon structures and also hierarchical structures in
which the synergistic effect could manifest in newer ways. One of the objectives of the
thesis is also to help address this point by demonstrating the growth of seamlessly
integrated graphene petals on carbon fibers and carbon nanotube arrays. A synthesis
approach is reported that addresses the issues of edge interconnection and substrate
interactions through the synthesis of cantilevered multi-layer graphene sheet- or petal-like
outgrowths that are seeded from a core graphite fiber. The resulting structures offer the
possibility of minimizing interfacial losses in transport applications, improved
interactions with surrounding matrix materials in composites, and a route toward
substrate independence for device applications. Such a contiguous growth of graphitic
carbon out of carbon fibers can have promising applications in improving interfacial
transport in carbon fiber composites.

1.2

Organization of the Thesis
The thesis develops around development of a rapid synthesis technique for

graphene using microwave plasma chemical vapor deposition (MPCVD). Before
describing the growth process in detail, first a brief review of graphene growth is
presented in chapter 2. Growth of graphene is a vast area in itself, and it would be
impossible to present a comprehensive review fully covering the details of relevant topics.
Thus, an attempt is made to review the primary growth methods of graphene with special
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emphasis on advantages and limitations of each method. A review of the literature on the
mechanism of graphene growth is also presented. Reviews of other topics relevant to the
subsequent chapters have been included in the beginning of the respective chapters.
Chapter 3 covers a detailed presentation of the technique for rapid synthesis of
graphene. It is shown that the plasma/metal interaction can be advantageous for a rapid
synthesis of such thin films. The process can produce films of controllable quality from
amorphous to highly crystalline by adjusting plasma conditions during growth processes
of ~100 sec duration and with no supplemental substrate heating. Films have been
characterized using Raman spectroscopy, scanning electron microscopy, transmission
electron microscopy and X-ray photoelectron spectroscopy. The results help to identify
the stages involved in the MPCVD deposition of thin carbon films on Cu foil, and the
findings open new pathways for rapid growth of few-layer graphene films. Rapid
synthesis of nitrogen-doped, few-layer graphene films on Cu foil is achieved by a similar
process. The films are doped during synthesis by introduction of nitrogen gas in the
reactor. Nitrogen concentrations up to 2 atomic % are observed, and it is suggested that
the limit is linked to the rigidity of graphene films on copper surfaces that hinders further
nitrogen substitution of carbon atoms. The entire growth process requires only a few
minutes without supplemental substrate heating and offers a promising path toward largescale synthesis of nitrogen doped graphene films.
Chapter 4 gives a detailed description of catalyst-free synthesis of cantilevered
carbon nanosheet extensions, or petals, from graphite fibers. The technique was then
further extended to grow graphene petals on substrates such as Si, SiO2, metal foils and
on CNT array. It was during the growth of petals over Ni foil that graphitic films were
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first observed to precede petal growth. This observation along with contemporary reports
on growth of few-layer graphene using CVD, led to the development of the growth
process presented in chapter 3.
For the petals on fibers, results reveal that petals grow from the fiber surface
layers while preserving graphitic continuity from fiber to the petals. Such structures offer
the possibility of minimizing interfacial losses in transport applications, improved
interactions with surrounding matrix materials in composites, and a route toward
substrate independence for device applications. Study of thermal and mechanical
characteristics of petal-decorated CNTs and petal decorated fibers in epoxy are topics of
chapter 5 and chapter 6.
Carbon fiber composites are an important class of materials with many promising
applications. Poor interface connectivity between the carbon fiber and the epoxy matrix is
often one of the most important factors in deciding the overall composite property. In
order to effectively transfer the excellent properties of the fiber to the epoxy matrix, the
fibers must hold on to the epoxy very strongly. A poor interaction at the interface reduces
the load carrying capacity of the composite. It also leads to high thermal and electrical
resistance at the interface. This limits the overall thermal and electrical conductivity of
the composite. Thus, a detailed characterization of the interface properties will be very
helpful in improving the overall composite behavior. Despite a great amount of effort in
the direction of both experimental and theoretical understanding of thermal conductivity
of carbon fiber composites, not much work has been done in the direction of
experimentally characterizing the thermal interface resistance. Chapter 5 explores the use
of a 3 technique for estimating the thermal interface resistance. The 3 method has
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been extensively used to characterize thermal properties of thin films. The same
technique is used to measure the thermal interface resistance between the carbon fiber
and the composite.
Chapter 6 discusses mechanical characterization of petal decorated CNT array
using nanoindentation technique. This unique graphene/CNT structure opens up a new
route to tailor the CNT array properties. Specifically, the effect of such petal decoration
on the mechanical performance of the array has been studied. Results show a remarkable
improvement in the performance of the CNT array under uniaxial load-displacement and
cyclic load tests. Petal decoration not only increases the elastic modulus, it also makes the
array more stable under cyclic load. Further, by controlling the petal density, elastic
modulus of the array can be controlled to a great extent.
Chapter 7 presents some other applications of graphene and graphene petals. It is
shown that vertically oriented 2D graphene sheets on flat substrates serve as a unique
template for high-density nanoparticle deposition. Such substrates have found promising
application in surface-enhanced Raman spectroscopy (using Ag nanoparticles) and
electrochemical sensing (using Pt nanoparticles). Graphene’s ability to prevent oxidation
under flow boiling conditions is also presented.
Chapter 8 presents a summary of the work done and concludes the thesis. A list of
proposed work is also presented.
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CHAPTER 2. LITERATURE REVIEW

2.1

Graphene Properties
(Some of the content of this chapter has been published in [3] and has been

reproduced with permission from American Scientific Publishers) Graphene has emerged
as an important material with diverse prospective applications. Since being observed as a
stand-alone material in 2004 [4], single-layer graphene, a 2-D hexagonal lattice of carbon
atoms, has attracted much attention in the scientific community. Before it was first
isolated by the simple Scotch-tape method [4, 5], 2-D materials were considered nonexistent, and graphene was thought to be of only academic interest. However, its
discovery has generated great interest among scientists and engineers seeking to exploit
its unique properties for practical purposes. Rapid development has been made not only
in understanding the physics, chemistry and other fundamental properties of graphene,
but also in development of graphene-based devices such as transistors [6], solar cells [7],
gas sensors [8] and supercapacitors [9].Graphene exhibits many fascinating properties
including very high electron mobility, quantum electronic transport [4, 5, 10-15], very
high thermal conductivity [16], very high intrinsic strength [17] and good gas sensing
properties [8].
Single and bi-layer graphene are zero-gap semiconductors. As the number of
layers increases the structure becomes increasingly metallic, and beyond ten layers of
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graphene it can be treated as a thin film of graphite [4, 10, 18]. Thus, based on
itsproperties graphene can be divided into three categories: single-layer, bi-layer, and
few-layer graphene containing three to ten layers.
Graphene exhibits a linear electronic dispersion relation at the vertices of the first
Brillouin zone. Electrons in graphene behave as Dirac fermions that move like photons,
with velocity independent of energy and direction [12]. Graphene also displays an
anomalous quantum Hall effect and half-integer quantization of the Hall conductivity
[13]. The quantum Hall effect has been observed in graphene even at room temperature
[10]. Graphene also displays a strong ambipolar field effect. The charge concentrations
for both holes and electrons can be continuously tuned up to 1013 cm-2 [4]. The room
temperature mobility of graphene can be as high as 200,000 cm2V-1s-1 for freely
suspended graphene [14, 15] and around 15,000 cm2 V-1s-1for graphene on SiO2 [5].
Graphene also offers a tunable band gap, which controls optical and electrical
behavior. These excellent electronic properties combined with the optical transparency
[19] make graphene a very promising material for applications such as transparent
electrodes in optoelectronic devices [20, 21]. Single-layer graphene has been shown to
have a transparency of 97.7% [19]. The transmittance linearly decreases with the number
of layers, with each graphene layer reducing the transmittance by an additional 2.3%.
Because of its high electron mobility, thermal stability and good mechanical properties
graphene has emerged as a promising candidate for replacing traditional electrodes such
as Indium tin oxide (ITO). Owing to its large surface area to volume ratio, graphene has
also emerged as a promising electrode material for both lithium ion batteries and
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supercapacitors. The lithium ion can be inserted on both sides as well as on the edges of
single-layer graphene.
2.2

Graphene Growth
These exciting properties call for a systematic method of graphene growth in a

controlled manner. Growth of both free-standing and substrate-supported graphene has
been vigorously pursued. Widely used graphene synthesis techniques include: mechanical
exfoliation [4, 5], chemical exfoliation [22-24], epitaxial growth over SiC [25-27], and
chemical vapor deposition (CVD) [21, 28-31]. Table 2.1summarizes different methods of
graphene growth along with their advantages and limitations.
Table 2.1. Different methods of graphene growth.

In the following sections, first synthesis of graphene is discussed. This topic is followed
by a review of growth mechanism of graphene and synthesis of graphite petals or carbon
nanowalls. The section concludes with a brief review of synthesis of doped graphene.
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2.2.1

Mechanical Exfoliation
Both mechanical and chemical methods have been developed to exfoliate and

separate stacks of graphene sheets in graphite, graphite oxide and other graphite-based
compounds. The stacked sheets are held together by weak van der Waals forces. Thus it
is possible in principle to separate the sheets from each other resulting in single- or fewlayer graphene. Mechanical exfoliation was the first reported technique and gives highquality films.
Graphene was first synthesized by Geim and coworkers by micromechanical
cleavage of bulk graphite or highly oriented pyrolitic graphite (HOPG) [4, 5]. Singlelayer graphene could be observed under an optical microscope when transferred on a Si
substrate coated with a 300 nm thick SiO2 layer. Figure 2.1 shows an AFM image
indicating a monolayer thick graphene sheet. Using the same approach they could also
obtain 2-D films of other materials such as boron nitride (BN) and MgS2. One of the
deficiencies of this technique is that it can leave adhesive residue on the sample, and this
issue has been shown to limit carrier mobility [32]. Post-deposition heat treatment has
been used to eliminate this problem [33, 34]. Mechanical exfoliation has been widely
used by researchers to investigate the properties of graphene. It yields graphene of high
structural and electrical quality. However, although the process is adequate for research
purposes, it suffers from being very labor intensive in transitioning to large-scale
applications at the industrial level.
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Figure 2.1. AFM image of single-layer graphene. The change in height by 4 Å at the
folded edge indicates that a single layer is present. Reprinted with permission from [5], ©
National Academy of Sciences, USA.

2.2.2

Chemical Exfoliation
Production of graphene and chemically modified graphene (CMG) from colloidal

suspensions made from graphite oxide (GO) is another promising technique [22, 23, 3537]. This method has so far resulted in the largest output. In the most common
manifestation of this approach, first a colloidal suspension of exfoliated graphite oxide is
obtained, and this suspension is then further reduced to obtain reduced graphene oxide
sheets. Graphite oxide is obtained from graphite by oxidation in the presence of strong
acids and oxidants. The common Hummers method employs a combination of potassium
permanganate and sulfuric acid as oxidizing agents. The introduction of oxygencontaining functional groups such as carboxyl, hydroxyl and epoxide during oxidation
renders the graphite oxide hydrophilic. These functional groups also reduce inter-layer
interactions resulting in an increase in the inter-layer d-spacing of GO. The hydrophilic
nature allows water molecules to more easily enter between the layers to enhance the
exfoliation of graphite oxide into graphene oxide layers in aqueous and organic polar
solvents [38]. The dispersed graphene oxide sheets can then be reduced to obtain reduced
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graphene oxide. The reduction can be carried out by using reducing agents such as
hydrazine [23, 35] and dimethylhydrazine [22]. Thermal expansion [39] has been shown
not only to exfoliate but also to reduce graphene oxide to produce functionalized singlelayer graphene sheets. It is important to note that the quality of the reduced graphene
oxide is not the same as that of a pristine graphene. The former contains a significant
concentration of oxygen and possibly a significant density of defects [38]. Thermal
annealing has been shown to result in better quality graphene sheets [40].
2.2.3

Epitaxial Growth Over SiC
Epitaxial growth of graphene on SiC is another promising technique. The more

volatile Si escapes from the surface when single-crystal SiC is heated under vacuum in
the temperature range of 1200 to 1600°C. The carbon left behind rearranges to form
graphene [25, 26]. Berger et al.[26]. first reported the growth of single-layer graphene
using this technique. Graphene grew epitaxially on the SiC substrate and graphene layers
remained continuous over steps on the SiC surface. Ohta et al. [41] reported the synthesis
of bilayer graphene thin films deposited on silicon carbide by decomposition of SiC
under high vacuum. However, vaccum graphitization of SiC results in graphene with
smaller domain sizes. Emstev et al. [27] have shown that atmospheric pressure ex-situ
graphitization of Si-terminated SiC (0001) in an argon atmosphere of approximately 1 bar
produces monolayer graphene films with much larger domain sizes. A thorough review
of growth and morphology of epitaxial multilayer graphene on SiC has been published by
Hass et al. [42].
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2.2.4

Chemical Vapor Deposition (CVD)
The CVD technique is a single-step process and offers promise for large-scale

graphene growth and meeting the projected demand for graphene production. Cu [28-30]
and Ni [21, 31] are the two most widely used metallic substrates for graphene synthesis
using thermal CVD. By controlling the CH4 flow rate, predominantly single layer
graphene on Cu over large areas can be obtained [28, 30], while the growth of single
layer graphene on Ni tends to be more difficult.
Large-area synthesis has made relatively inexpensive Cu one of the most
attractive substrates for graphene growth. Several studies have provided insights into the
mechanism underlying thermal CVD of graphene on Cu [28-30], where substrates are
typically preheated to approximately 900 to 1000°C before introducing hydrocarbon gas
mixtures. Growth on Ni depends on dissolving carbon into nickel and then precipitating it
by cooling. The cooling rate and the concentration of carbon in Ni determine the quality
of the resultant graphene films. The Ni film is then chemically etched after which the
graphene films can be transferred to other substrates. Reina et al. [31] demonstrated that
films grown over polycrystalline Ni can be transferred by wet etching of the underlying
Ni film. The transferred films were found to preserve continuity and attach strongly to
substrates made of almost any material including semiconductors, glass, metals and
plastic. Kim et al. [21] also reported growth of graphene over Ni. They transferred the
films using FeCl3 and a PDMS stamp. They also showed that using a buffered oxide
etchant and HF resulted in free-floating graphene that could also then be transferred to
other substrates. Figure 2.2 shows the stages in the synthesis of patterned graphene films
on a thin Ni layer. Similarly, Li et al. [43] grew large-area graphene films of the order of
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centimeters on copper foils. The films were predominantly single-layer and were
continuous across copper surface steps and grain boundaries. Wang et al. [44] reported
large-scale growth of graphene on Co supported over MgO substrates. They reported
formation of 50 mg of few-layer graphene over 500 mg of Co/MgO catalyst used in the
process. High-quality monolayer graphene was also grown on Ir using ethylene by lowpressure CVD.
Of the different synthesis techniques, chemical vapor deposition has shown the
greatest promise for large-scale synthesis of doped large-area graphene films. However,
the technique requires high temperatures and usually requires several hours for the
process to be completed.

Figure 2.2. Synthesis of patterned graphene films on thin nickel layers. (B), Etching using
FeCl3 (or acids) and transfer of graphene films using a PDMS stamp. (C), Etching using
BOE or hydrogen fluoride (HF) solution and transfer of graphene films. RT, room
temperature (25°C). Reprinted with permission from [31], © Macmillan Publishers Ltd.
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2.2.5

Plasma Enhanced Chemical Vapor Deposition
As the demand for graphene increases, a CVD technique for rapid graphene

growth at reduced substrate temperatures would be very useful. Microwave plasma CVD
(MPCVD) is another promising technique that has been widely used for low-temperature
and fast growth of different carbon based nanostructures [45-47] including flat graphene
films [48-50] and graphene flakes [40, 51, 52]. Plasma energy has been used to dissociate
hydrocarbons and to activate graphene growth at reduced substrate temperatures, with
reports using various methods of plasma excitation, including microwave plasma CVD
(MPCVD) [40, 48, 53, 54], direct current discharge (DC) CVD [49], radio-frequency (RF)
discharge CVD [55], and remote plasma CVD [56]. Most of these approaches produce
graphene flakes and vertically standing graphene sheets. Only recently, large-area growth
of graphene films using plasma-assisted CVD on Cu [48, 55] and Ni [49, 56, 57] has
been demonstrated. Most of these processes still involved moderate to high temperature
annealing ranging from 450-1000 °C [49, 55-57]. Kim et al. [18] employed a customdesigned, multi-slot microwave antenna system to induce plasma over a large-area
surface.

2.2.6

Other Techniques for Graphene Synthesis
Growth of monolayer graphene on single-crystal transition metals such as Ir [58]

and Ru [59] has also been reported. Pristine and periodically rippled graphene monolayers
have been synthesized on Ru (0001) [59] under ultra-high vacuum conditions. For
example, an epitaxial layer of graphene has been shown to cover the surface of a singlecrystal Ru substrate completely over distances larger than a micron. It was shown that
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epitaxial growth on Ru (0001) produces arrays of macroscopic single-crystalline
graphene domains in a controlled, layer-by-layer fashion. Only the first layer interacted
strongly with the metal, with the second layer retaining the electronic structure of
graphene. An arc discharge method has also been used to produce both doped and
undoped graphene sheets [44, 60]. Rao and co-workers have employed arc discharge
processes between graphite electrodes under high-pressure H2 to prepare graphene sheet
[60]. Boron and nitrogen doping have been achieved by using diborane and pyridine
vapor inside the arc chamber [60]. A hydrogen arc-discharge exfoliation method in
combination with solution-phase dispersion and centrifugation technique has also been
employed to prepare highly conductive graphene sheets [44]. Dato et al. [17] reported
substrate-free gas-phase synthesis of single- and bi-layer graphene using an atmospheric
pressure microwave plasma reactor. A small amount of ethanol added in the Ar plasma
acted as the carbon source for growth.

2.3

Graphene Growth Mechanism
Understanding the mechanism of graphene synthesis is crucial for developing a

controlled growth method. Several studies have been carried out in this direction. Li et al.
[61] studied evolution of graphene growth on Ni and Cu by carbon isotope labeling.
Isotope labeling in conjunction with Raman mapping was used to track carbon during the
growth process. The data clearly showed that at high temperatures sequentially
introduced carbon isotope diffused into the Ni first, mixed and then segregated and
precipitated at the surface of Ni forming graphene with a uniform mixture of 12C and 13C
as determined by the peak position of the Raman G band peak. They took advantage of
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the separation of the

12

C and

13

C Raman modes to observe the spatial distribution of

graphene domains. On the other hand, for Cu, graphene growth was found to proceed by
surface adsorption where the spatial distribution of

12

C and

13

C followed the precursor

time sequence. Graphene growth on Cu was also found to depend on Cu grain orientation.
The difference between the growth mechanism on Cu and Ni was attributed to very low
carbon solubility of Cu because of which growth on Cu is driven primarily by catalytic
dissociation of CH4 at the surface. Lahiri et al. [62] reported a different mechanism for
growth on Ni for temperatures below 460 0 C . They studied growth on Ni (111) surface
and found that graphene grew by in-plane transformation of nickel carbide along a one
dimensional phase-boundary.
The effect of copper surface roughness and facets on graphene growth has also
been studied [63]. Electron-backscatter diffraction (EBSD), Raman spectroscopy and
scanning electron microscopy (SEM) were used to study graphene growth on
polycrystalline Cu foils. It was found that Cu (111) promoted fast, monolayer graphene
growth with few defects. Cu (100), on the other hand, caused slow, multilayer graphene
growth. Growth was affected more by Cu substrate crystallography than facet roughness.
Atomic force microscopy in conjunction with Raman spectroscopy was used to study the
effect root mean square (rms) roughness on graphene quality. The growth was found to
have no correlation with the rms roughness, thereby suggesting that Cu crystallinity
played a greater role in growth.
Li et al. [64] reported a two-step growth process over relatively thick Cu films
deposited on Si substrates. First hydrogen annealing of Cu film was carried out to obtain
a hydrogen-enriched Cu (111) film. This was then followed by flow of CH4 for five
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minutes to obtain graphene growth. Hydrogen annealing was reported to promote
formation of the Cu (111) facet.
A two-step growth process was developed by the same group for obtaining larger
graphene domains over Cu foil [65]. First high temperature in combination with low CH4
flow rate and low pressure was used to obtain low domain density with large domains.
This was then followed by second growth step at high temperature with high CH4 flow
rate and high pressure. The second step resulted in fast continuous growth leading to full
coverage.
Vlassiouk et al. [29] studied the role of hydrogen in graphene growth over Cu foil. They
found that growth was strongly affected by hydrogen. Hydrogen appeared to serve a dual
role of (i) activating surface bound carbon for growth and (ii) etching and controlling the
size and morphology of graphene domains. Thus they obtained an optimal hydrogen
partial pressure (200-400 times higher than methane) for maximum growth rate. The
morphology and size of graphene domains as well as number of layers were found to
change with hydrogen pressure.
The role of pressure in graphene growth was studied by Bhaviripudi et al. [28].
They found that kinetics of the growth were dependent on the chamber pressure. Growth
over Cu foil at atmospheric pressure, low pressure (0.1-1 Torr) and unltr high vaccum
was studied. In contrast to prior observations for the low pressure CVD case, it was found
that growth at atmospheric pressure under high methane concentrations was not selflimiting.
Graphene growth mechanisms on few other metal surfaces have also been studied.
By combining high resolution photoelectron spectroscopy and ab initio calculations
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Lacovig et al. [66] studied the interaction between the carbon clusters with the metal
substrate and their morphology during the initial stages of graphene growth on Ir(111)
surfaces. They showed that growth involved formation of carbon nanoislands that
assumed a peculiar domelike shape. Gao et al.[67] studied growth on Pt(111) and found
that the proportion of different rotational domains varied with the growth temperature.
They also found a very weak interaction between Pt (111) surfaces and graphene which
led to an electronic structure nearly similar to that of free standing graphene. Using lowenergy electron microscopy (LEEM), Loginova et al. [68] studied the graphene growth
on Ru (0001) surface and provided evidence for the graphene growth by carbon cluster
attachment. They found that the growth occurs by adding clusters of about five atoms
rather than adding single atoms (adatoms). They also found that the C adatoms
experience a large energy barrier to attaching to the graphene step edges. Thus, the
growth was not limited by the adatom diffusion.

2.4

Growth of Graphene-Petal Nanosheets
Graphene-petals, or carbon nanowalls as they are also known, were discovered in

2002 [69] during the growth of CNTs using microwave plasma enhanced chemical vapor
deposition. Later on it was shown that the electric field plays a crucial role in the growth
of carbon nanowalls [70]. Several other groups have reported carbon naowall synthesis
using plasma enhanced chemical vapor deposition [40, 51, 53, 71]. Catalyst-free
synthesis of cantilevered carbon nanosheet extensions or petals from graphite fibers has
also been demonstrated using MPCVD [72]. Results indicate that the petals grow from
the fiber surface layers while preserving graphitic continuity from fiber to petals.
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Yuan et al. [53] synthesized high-quality graphene sheets on stainless steel
substrates at 500°C by microwave plasma CVD. The graphene sheets typically contained
1-2 layers and were free from other carbon impurities. Malesevic et al. [40] reported the
growth of five to six layer graphene sheets at 700°C on arbitrary substrates without the
use of catalyst. The initial few stages of growth on three different substrates (Pt, quartz,
Si) were investigated by the same group [51]. They found that growth on Pt and quartz
was preceded by formation of a graphitic layer and a layer of amorphous carbon,
respectively. Conversely, for Si the growth of graphene flakes was preceded by the
formation of an intermediate SiC layer. Zhu et al. [73] studied the growth, structure and
properties of carbon nanosheets produced by radio frequency plasma CVD. Compared to
capacatively coupled plasma, inductively coupled plasma was reported to favor
nanosheet growth. It was suggested that higher plasma density in inductively coupled
plasma leads to a higher atomic hydrogen concentration, a species crucial for nanosheet
growth. The atomic hydrogen in the plasma acts as an etchant to rapidly remove
amorphous carbon defects, thereby promoting a crystalline graphitic structure in the
growing layers. The atomic hydrogen also prevents cross-linking at the edges of the
growing sheet, thus, preventing edge-thickening and keeping them atomically thin. A
growth model was described proposing that the verticality of the sheets was caused by the
plasma electric field. It was observed that during first few minutes of growth graphene
layers grew parallel to the substrate surface until a sufficient level of force developed at
the grain boundary to curl the leading edge of the top layer upward. After the upward
curling of the top layer along the electric field direction, the high surface mobility of
incoming carbon bearing species and the electric field induced polarization of the
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graphitic layers combine together to cause the nanosheets to grow vertically rather than
horizontally in the thickness direction. They also studied the effect of electric field by
creating a predominantly radially oriented electric field around a grounded conducting
metallic cylinder. It was found that the nanosheets grew radially along the electric field
direction.

2.5

Doped Graphene

(This section has been reproduced from [74] with permission from Elsevier) Doping
graphene to change the carrier density is an important method to control electronic
properties. Doping of graphene by various methods has been demonstrated previously.
These include use of nitrogen-containing precursors in chemical vapor deposition (CVD)
[75, 76], post treatment of graphene using ammonia [77, 78] or nitrogen [20, 79], plasma,
arc discharge processing [60, 79], and other chemical treatment methods [16, 80, 81]. The
resulting N-doped graphene films can be very useful as electrochemical biosensors [20],
can show high electrochemical activity towards oxygen reduction [40, 79] and exhibit
improved Li–ion intercalation properties as compared to pristine graphene [76].
In order to make doped graphene more scalable, a synthesis method capable of
rapid, large-area processing is very much needed. Chemical methods and production of
graphene by arc discharge, though producing large quantities of both doped [16, 60, 81]
and undoped graphene [24, 35], are limited by the size of the graphene flakes. Chemical
methods also lead to functionalization of the graphene flakes. Of the different techniques,
chemical vapor deposition [75, 76] has shown the greatest promise for large-scale
synthesis of doped large-area graphene films.
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2.6

Conclusion
This chapter reviewed the different methods for graphene growth. Advantages and

limitations of each of them were discussed. The growth mechanism for graphene growth
on metallic surfaces was also reviewed. The growth mechanism depends very much on
the metal used, orientation of the face, and on parameters such as growth temperature and
gas flow rates. While mechanical exfoliation still produces the highest quality graphene,
it is time consuming and produces only graphene flakes. For wafer-scale growth of
graphene, CVD growth on metal foils and thin films has emerged as a promising
technique. However, the process takes several hours to complete and requires high
temperature for growth. A faster growth process at relatively lower growth temperature
that would help address the problem of large-scale growth of graphene is very much
needed.
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CHAPTER 3. GROWTH OF GRAPHENE USING MICROWAVE PLASMA
ENHANCED CHEMICAL VAPOR DEPOSITION

3.1

Introduction
(Some of the content of this chapter has been published in [50] and [74] and has

been reproduced with permission from Elsevier Limited) Graphene has emerged as an
important material with several promising applications. Widely used graphene synthesis
techniques include: mechanical exfoliation [4, 5], chemical exfoliation [22-24], epitaxial
growth over SiC [25-27], and chemical vapor deposition (CVD) [21, 28, 29, 31, 43, 61].
Mechanical exfoliation was the first reported technique and gives high-quality films but
is difficult to scale up, and both chemical exfoliation and SiC growth are multistep
processes. The CVD technique is a single-step process and offers promise for large-scale
graphene growth and meeting the projected demand for graphene production. Cu [28, 29,
43, 61] and Ni [21, 31] are the two most widely used metallic substrates for graphene
synthesis using thermal CVD. By controlling the CH4 flow rate, predominantly single
layer films on Cu over large areas can be obtained [28, 43], while the growth of graphene
on Ni tends to be more difficult.
Large-area synthesis has made relatively inexpensive Cu one of the most
attractive substrates for graphene growth. Several studies have provided insights into the
mechanism underlying thermal CVD of graphene on Cu [28, 29, 61], where substrates are
typically preheated to approximately 900 to 1000°C before introducing hydrocarbon gas

23
mixtures. As the demand for graphene increases, a CVD technique for rapid graphene
growth at reduced substrate temperatures would be very useful. Plasma energy has
beenused to dissociate hydrocarbons and to activate graphene growth at reduced substrate
temperatures, with reports using various methods of plasma excitations, including
microwave plasma CVD (MPCVD) [40, 48, 53, 54], direct current discharge (DC) CVD
[49], radio-frequency (RF) discharge CVD [55], and remote plasma CVD [56]. Most of
these approaches produce graphene flakes and vertically standing graphene sheets. Only
recently, large-area growth of graphene films using plasma-assisted CVD on Cu [48, 55]
and Ni [49, 56, 57] has been demonstrated. Most of these processes still involved
moderate to high temperature annealing ranging from 450-1000 °C [49, 55-57]. The prior
study most similar to the present work is that of Kim et al. [18], who employed a customdesigned, multi-slot microwave antenna system to induce plasma over a large-area
surface. Here, we describe results from a standard, commercially available microwave
plasma reactor.
In this work we report a rapid MPCVD technique with an unheated substrate that
produces large-area, few-layer graphene films on Cu foils. The same technique can be
used for rapid synthesis of nitrogen-doped graphene by introducing nitrogen during the
growth process. The process takes advantage of the strong coupling between the plasma
and the foil to activate hydrocarbons on the Cu foil surface for fast film growth. The
entire process including plasma-induced foil annealing, cleaning and growth is completed
within 4 to 5 minutes with no foil pre-heating and a very short post-growth cooling time.
This cycle time is an order of magnitude less than comparable thermal CVD processes
and also much shorter than other reported plasma-assisted CVD processes. The detailed
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graphene film characterization and growth process descriptions herein advance the
understanding MPCVD growth of thin carbon films on copper surfaces by a process that
has already proven useful for large-area and low-temperature growth of other carbonbased nanostructures, including CNTs [45, 46, 82], nanocrystalline diamond films [47],
and carbon nanowalls or graphene flakes [40, 53, 54, 72, 73].

3.2

Experimental Methods
Graphene film synthesis was performed in a SEKI AX5200S MPCVD system with

H2 (50 sccm) and CH4 (5 sccm) as the feed gases. A 25 μm thick copper foil (Alfa Aesar,
99.8 % purity) was used as the substrate. The foil was cut in 2x2 cm2 pieces and placed
into the MPCVD chamber, which was evacuated to a base pressure of 2 Torr and then
filled with high-purity hydrogen at a pressure of 10 Torr. The Cu foil was supported by a
ceramic stud that elevated it from the Mo puck by about 15 mm (see Fig. 1(a)). The
elevation of the Cu foil above Mo puck was found to be critical for the growth of the
films because it ensures a strong coupling between the plasma and the Cu foil, thus
enabling rapid self-heating of the foil by the microwave plasma. No additional heater was
used. The thermocouple attached to the substrate table indicated a maximum reading of
approximately 65 °C during the process. A dual-wavelength infrared pyrometer indicated
a maximum temperature of 700  25 °C. However, as the copper foil is coated with
graphene, the surface emissivity changes, making reliable IR measurements difficult.
The entire growth is accomplished in less than 5 minutes and generally involves
two stages. First, in a plasma cleaning and annealing step, the foil is kept in 400 W
hydrogen plasma for 3 minutes. A H2 flow rate of 50 sccm was used with downstream
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pressure control to maintain 10 Torr chamber pressure throughout the process. This
process leads to rapid self-heating and removal of copper oxide from the foil surface. The
second stage involves introduction of CH4 while maintaining the hydrogen plasma at a
flow of 5 sccm for a short duration (between 30 sec and 2 min), providing approximately
10% CH4 concentration in hydrogen. Depending on the growth duration and whether or
not annealing is used, different forms of carbon can be deposited. Figure 3.1summarizes
the different growth stages, which are discussed in the next section.

Figure 3.1. (a) A schematic diagram of the growth set up showing elevated sample within
the hydrogen plasma. (b) A diagram showing different stages of MPCVD growth process.

Film chemical composition was investigated by X-ray photoelectron spectroscopy
(XPS) using a Kratos Ultra DLD spectrometer with monochromatic Al Kα radiation (hν
= 1486.58 eV). Survey and high-resolution spectra were collected from a 700x400 µm2
spot size at normal incidence with respect to the sample surface using fixed analyzer pass
energies of 160 and 20 eV for the survey and high-resolution spectra, respectively. XPS
data were analyzed with commercially available CasaXPS software (www.casxps.com),
and individual peaks were fitted to a Gaussian/Lorentzian (GL) function as well as an
asymmetric function (H(0.04,100)SGL(25), CasaXPS). For structural analysis, samples
were studied by transmission electron microscopy (TEM), utilizing a FEI Environmental
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Titan 80-300 TEM operating at 300 kV in plan view configuration. Film samples were
transferred from Cu foils to STEM 200 mesh copper supporting grids. Additional
structural information was obtained by Raman spectroscopy (using 532 nm excitation
wavelength) and visible light transmission spectroscopy. Raman spectra and intensity
maps were collected from the graphene films transferred onto a 300 nm thick SiO2 layer
on Si. A 532 nm laser with 100X magnification was used. Laser power was maintained at
2 mW to avoid damage to the sample. Film surface morphology was analyzed with
optical and scanning electron microscopy (SEM). For XPS, TEM and transmission
spectroscopy characterizations, graphene films grown with CH4 flow for 60 sec were
used.

3.3

Results and Discussion
Figure 3.2 shows a schematic of the temperature variation in the growth process as

a function of time. The heating of the foil is accomplished within 3 minutes. This is
primarily due to the coupling between the plasma and the metal foil. The entire growth
including cooling of the sample is complete in approximately 20 minutes (including full
venting of the chamber for sample extraction).
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Figure 3.2. A schematic of the temperature variation in the growth process as a function
of time.
Figure 3.3 (a) and (b) show SEM images of the Cu foil before and after graphene
film growth with CH4 flow for 60 sec. As shown in Figure 3.3 (b), the mechanically
rolled polycrystalline foil undergoes re-crystallization and grain growth due to plasmainduced annealing. In a thermal CVD process, initial preheating and annealing of the
substrate is required to allow for the formation of Cu grains on which graphene domains
can nucleate and grow [43]. The observed rapid heating and recrystallization of the foil
by the microwave Figure 3.3 (c) shows an optical image of graphene on Cu. Both the
initial surface roughness of the foil and the surface features developed due to
recrystallization contribute to the final film morphology. Figure 3.3 (d) contains an
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optical image of the film transferred onto 300 nm thick SiO2 layer on Si. Films were
transferred using a PMMA-based transfer technique as reported in the literature [43].

Figure 3.3. SEM image showing a Cu foil (a) before and (b) after growth. Formation of
grains on the Cu foil after growth is clearly apparent. (c) An optical image of the
graphene film grown on Cu. (d) An optical image of the graphene film transferred onto a
300 nm thick SiO2 on Si
For further analysis, post-growth samples were transferred in air from the
deposition chamber to an XPS chamber. Figure 3.4 (a) shows an example of a survey
spectrum obtained from the films. Only copper and carbon photoemission peaks are
present in the spectra. The XPS spectrum shows no evidence of other elements except
less than 1 at. % of oxygen, which is attributed to the sample’s exposure to the laboratory
air. Copper peaks were detected because the deposited carbon film was thin enough to
allow copper-originated photoelectrons to pass through. The inset in Figure 3.4 (b) shows
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a high-resolution spectrum of the Cu 2p region. Each of the spin-orbital doublet peaks fits
well with a single GL function, with center positions at 932.7 eV (full width at half
maximum (FWHM) of 0.8 eV) and 952.5 eV (FWHM of 1.4 eV) for Cu 2p3/2 at Cu 2p1/2,
respectively. The binding energy (BE) for metallic copper has been reported in the
literature to be 932.7 eV for the Cu 2p3/2 peak [83-85].Neither shake-up satellites nor
shoulders are present near the Cu peaks. The symmetrical peak shape, peak position and
the absence of the shake-up satellites unambiguously indicate that metallic copper was
not oxidized and that no copper oxide is present at the copper-carbon interface.

Figure 3.4. XPS survey spectrum of graphene film on Cu (b) High-resolution spectrum of
the C 1s region. The inset shows a high resolution spectrum of the Cu 2p region.

The C 1s peak in Figure 3.4 (b) appears at 284.6 eV, which is a characteristic
binding energy for graphitic content [86]. There is an asymmetry of the peak at the higher
binding energies. To assess the chemical state of carbon, an asymmetric function was
used based on the sum of Gaussian (75%) and Lorentzian (25%) functions with a 0.1293
asymmetry index (denoted in CasaXPS software as H(0.04,100)SGL(25)). This function
was tested to fit precisely the C 1s spectrum of highly orientated pyrolitic graphite
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(HOPG) using a pristinely clean basal plane. The inherent C 1s peak asymmetry even for
a highly ordered HOPG reference hinders firm conclusions about the presence of
amorphous or disordered carbon, which should induce localized sp3 hybridization sites
and a C 1s peak at 284.8 eV.
On the other hand, the quality of the sp2 order can be evaluated from the shake-up
satellites for carbon. Because the main component of the C 1s peak originates from sp2
aromatic carbon, shake-up peak intensities that are 5-10% of the main peaks are expected.
Two-electron processes occurring during photoemission induce these shake-up peaks.
The emitting photoelectron excites the * transition of the valence electron, and
therefore the photoelectron emerges with lower kinetic energy, manifested as higher BE.
The shake-ups are represented by a broad and low intensity feature centered near 291.5
eV (see inset in Figure 3.4 (b)). A recent study of epitaxial graphene growth on 4H-SiC
substrates indicates the presence of similar shake-up satellites for 5-7 monolayer thin
graphene [87]. Thus, the C 1s peak position, exact shape correspondence to an HOPG
reference, and the shake-up satellites at 291.5 eV provide strong evidence for aromatic
graphitic carbon on the sample surface. However, the low intensity of the shake-up
feature points to the presence of defects and disorder in the film.
A comparison of the Cu 2p and C 1s relative intensities was used to calculate
film thickness by a method applied previously to graphene growth on SiC substrates [87].
This method is based on the attenuation of C 1s and Cu 2p photoelectrons as they pass
through the film, taking into account inelastic mean free path dependence on electron
kinetic energy and photoionization cross sections. These factors in turn depend on excited
electron core levels, exciting photon energy, and to a lesser degree on the spectrometer
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geometry and density of the surface material. Assuming a graphite-like density of the
film material, the thickness of the film was estimated to be 2.8 nm, which corresponds to
approximately 8 monolayers of graphene.
The presence of few-layer graphene was further confirmed by high-resolution
transmission electron microscopy (HRTEM) study. A representative high-resolution
HRTEM image is shown in Figure 3.5(a). The image was taken at a place where the
graphene film curls up, allowing imaging of graphene layers in an edge-on configuration
to evaluate film thickness. This approach mitigated possible damage during crosssectional film preparation. The image shows 7 layers of graphene with an interlayer
distance of 0.35 nm. At the upper left corner of the image a region with 6 layers can also
be seen. Examination of the film in different areas showed film thickness variation
between 1.4 nm and 2.8 nm, which corresponds to 4 and 8 graphene layers, respectively.
Figure 3.5 (b) contains the optical transmission spectrum from a graphene film
transferred onto a glass slide. The sample shows a transmission of about 87%, indicating
the presence of approximately 6 layers of graphene based on optical attenuation. Taking
optical transmission and XPS measurements at different locations on a sample did not
produce any noticeable difference in measured film thickness. The foregoing
measurements provide information about film thickness averaged over an area
determined by the size of the probing beam. For optical transmission, the beam diameter
was 500 µm, whereas for XPS measurements the beam area was 700x400 µm2. In
contrast, the TEM technique provides high spatial resolution covering typically an area of
~100 nm2, delivering local information about film thickness. The large spot sizes of the
optical transmission and XPS techniques should be considered when using these to
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estimate graphene film thickness and to compare with TEM measurements. Nevertheless,
the XPS and optical measurements provide reasonable evaluations of the sample surfaceaveraged graphene film thicknesses.

Figure 3.5. (a) HRTEM image of few-layer graphene.(b) A transmission spectrum
collected in the visible range for a graphene film transferred onto a glass slide.

Raman spectroscopy has been used extensively to characterize carbon
nanostructures including graphene [88-90]. The important features of a Raman spectrum
include a D peak near 1350 cm-1, a G peak near 1580 cm-1, a D’ peak near1620 cm-1, and
a 2D peak near 2700 cm-1. The D and D’ peaks, which are disorder-induced, arise only in
the presence of defects. The peak intensity ratio (both ID/IG and I2D/IG) [89-91] and the
shape and full width at half maximum [92] of the 2D peak have been used to characterize
single- and few-layer graphene.
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Figure 3.6. Raman spectra of graphene grown with different durations of CH4 flow. A
decrease in the D peak intensity with the extension of the CH4 flow time is clearly seen.
Figure 3.6 shows Raman spectra of films obtained by varying the duration of CH4
flow during MPCVD synthesis. The Raman spectra display a D band near 1350 cm-1, a
G band near 1580 cm-1, a D’ band near 1620 and a 2D band near 2700 cm-1. For film
grown with CH4 flow for 60 sec, the 2D to G peak intensity ratio ( I2D/IG) is around 1.3,
and the 2D peak has a FWHM of about 45 cm-1. A large inter-planar separation of 0.35
nm and the symmetric nature of the 2D Raman resonance peak indicate weak vibrational
coupling between adjacent graphene layers that could be due to orientational disorder
between graphene layers [88]. With the introduction of CH4 for progressively longer
durations, the D peak intensity decreases. The ID/IG ratio decreases from 0.78 for 30 sec
CH4 flow to 0.38 for a CH4 flow for 120 sec. However, continued flow of CH4 for more
than 300 sec results in the growth of vertically standing carbon nanowalls. The film
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thickness as estimated by XPS showed negligible change upon increasing the growth
duration from 30 sec to 60 sec, thereby indicating that the continued flow of CH4 only led
to an increased graphitization of the deposited film. This is reflected in the decreasing D
peak intensity with time. It is very possible that, as reported for growth using thermal
CVD [29, 43], graphene islands first nucleate and then rapidly grow and merge to form a
continuous thin film.
To verify structural homogeneity of the resultant graphene, a Raman map was
acquired for a film grown for 60 sec of CH4 flow. The same Raman analysis settings
were used as for spectra shown in Figure 3.6, but the data were acquired with a 2 m step
size covering a 50x50 m2 area of the sample surface. Raman maps of D, G, and 2D peak
intensity are shown in Figure 3.7 (a), (b) and (c), respectively. These plots demonstrate
good structural uniformity over the analyzed area, where sporadic deviations from the
otherwise uniform intensities exist. A 2D/G intensity ratio map appears in Fig. 6d and
reveals a predominant ratio near 1, with peaks of greater than 2.5. These results,
combined with the TEM study, indicate the presence of large-area, few layer graphene.
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Figure 3.7. Raman map showing the variation in the intensity of: (a) D peak, (b) G peak,
(c) 2D peak and (d) variation in 2D/G peak intensity ratio, each over a 50 x 50 area for
a sample with 1 min CH4 flow.

The film uniformity was not significantly influenced by the polycrystalline nature
of the copper foil substrate. Figure 3.8(a) shows an SEM image of a graphene film
spanning across multiple Cu grain boundaries. The high magnification image in the inset
shows that the film is continuous across the grain boundary. The image also shows the
presence of some small particles on the film surface. These could be amorphous carbon
deposited from the hydrocarbon plasma on the graphene film surface. Once a graphene
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layer has formed, further supply of CH4 results in vertically standing carbon nanowalls,
following a growth mechanism that has been described previously [51, 73].
Figure 3.8 (b) shows an SEM image of the carbon nanowall structures on the
surface of copper foil. These features distinguish MPCVD synthesis from thermal CVD
in which no vertically standing sheets are obtained even for a CH4 flow of very long
duration [43]. We also note that introduction of CH4 for very short durations (about 30
sec) without hydrogen plasma cleaning/annealing resulted in the deposition of a glassy
carbon film. Continuing the process under the same conditions for few more minutes
again produced vertically standing carbon nanowalls. It is likely that the glassy carbon
film first graphitizes on the microwave plasma heated surface, followed by growth of
carbon nanowalls. A summary of the different transformations is provided in Figure
3.1(b).

Figure 3.8. (a) SEM image of graphene on copper, showing uniform coverage across
polycrystalline copper foil surface with a high magnification image in the inset showing
graphene growth across a Cu grain boundary. (b) SEM image showing vertically standing
carbon nanowalls obtained after a CH4 flow for more than 5 minutes.
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3.4

N Doped Graphene
For the growth of N doped graphene, the sample was first heated in hydrogen

plasma at 400 W for 3 minutes, followed by introduction of CH4 at flow rate of 10 sccm
for 1 minute. This process results in formation of a few-layer graphene film over the Cu
foil. To obtain N2 doped films, N2 at a flow rate of 50 sccm was then introduced either
during the 1 minute of CH4 flow or for an additional 1 minute at 150 W while CH4 flow
was continued. The plasma power was reduced in order to avoid foil overheating upon
introduction of N2. Thus, depending on when N2 is introduced, a nitrogen-doped fewlayer graphene film can be obtained in a growth lasting 4 or 5 minutes.

Figure 3.9. Raman spectra of the graphene film with and without nitrogen doping.
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Figure 3.9 shows the Raman spectrum of the film with and without any nitrogen
doping. Raman spectroscopy has been widely used to characterize graphene films. The
spectrum in Fig. 3 display a D band near 1335 cm-1, a G band near 1580 cm-1 and a 2D
band near 2670 cm-1. The films show moderate amount of defects even without nitrogen
doping. This is expected as the growth occurs in the presence of hydrogen plasma that
contains energetic ions and radicals. The D peak intensity increases further with nitrogen
doping. The doped nitrogen disrupts the hexagonal symmetry of the graphene film,
resulting in a stronger D peak.
The N-doped graphene films for STM study were grown on CMP-polished Cu
(111) substrate from MTI corporation. Figure 3.10 shows the high-resolution image of
graphene surface measured by UHV STM (RHK-300) at 90 K. The 22 x 22 Å2 image
was obtained at a tunneling current of 0.5 nA and sample bias of 500 mV. The image
shows a lattice of carbon atoms with atomic corrugation amplitude of 0.5 Å. The lateral
height variations on this image may either be caused by substrate residual roughness or
by nitrogen dopants incorporated into subsurface graphene layers.
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Figure 3.10. A high-resolution image of graphene surface measured by a UHV STM at
90 K.

The presence of nitrogen in the films was detected using XPS. Nitrogen content
was found to be 2 atomic %. Figure 3.11 shows the XPS spectra obtained from a doped
graphene film. N doping was carried out in a growth process lasting 5 minutes as
described the experimental method section. Figure 3.11 (a) is a survey spectrum obtained
from the film. In addition to the photoemission peaks of carbon and copper, peaks from
oxygen are apparent. The oxygen peak was absent in the XPS spectrum of undoped
graphene. Based on the Raman analysis, the doping of graphene with nitrogen introduces
defects that act as favorable sites for oxygen functionalization by the ambient moisture
and air.
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Figure 3.11. XPS spectra of the doped graphene film: (a) Survey spectrum and high
resolution spectrum of (b) C1s region (c) N1s region and (d) Cu2p region.

Figure 3.11 (b) shows high-resolution spectrum of the C 1s region. The C 1s peak
appears near 284.6 eV which is characteristic of graphite. The shoulder at the higher
energy of 287 eV is attributed to oxygen-containing functional groups attached to the
graphene film. A shake up peak near 291 eV can also be seen. Graphitic films have been
reported to show a shake up peak around 290 eV [87]. Prior work on nitrogen-doped
graphene has shown that nitrogen can be incorporated either as a pyridine-like nitrogen or
as pyrrole-like nitrogen [93-95]. Pyridine-like N has two carbon neighbors and is
characterized by a N 1s peak near 398.5 eV [93, 95, 96], whereas pyrrole-like N has a
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pentagonal ring structure and has N 1s peak near 400.5 eV [93, 95, 96]. Substitutional
doping of N into the graphene lattice where a N atom simply replaces a C atom has also
been reported [95], with a N 1s peak near 401 eV [96]. In the present study, The N 1s
region, though not distinct in the survey spectrum, is apparent in the high-resolution
spectrum of Figure 3.11 (c). N 1s peak could be resolved into three distinct peaks which
can be attributed to pyridine like nitrogen (near 398 eV), graphite like nitrogen (near 400
eV) and peak due to oxygenated nitrogen, NOx near 405 eV. Figure 3.11 (d) shows the
high resolution spectrum of the Cu 2p region. Peaks at 933 eV and 952 eV correspond to
Cu 2p3/2 and Cu 2p1/2 respectively. Very minor evidence of oxidation is visible, indicating
that nitrogen doped graphene provides a good protection to the copper metallic surface.
3.5

Conclusion
The described MPCVD process enables growth of few-layer graphene films on Cu

foil in a very short time. The plasma/metal coupling causes localized, rapid heating of the
foil. This localization also reduces the post-growth cooling time. The hydrogen plasma
also serves to remove the native oxide layer, thus enabling graphene growth on metal Cu.
The process can also be used to dope the graphene films with nitrogen up to a
concentration of 2 atomic wt%. We believe the same technique can be extended for ptype doping using a suitable gaseous precursor (such as diborane).
We suggest that the same process can be used for rapid synthesis of primarily
single-layer graphene. Decreasing the growth time had not resulted in any significant
reduction in film thickness. However, processing at more dilute CH4/H2 conditions and
under milder plasma could yield a thinner graphene layers with fewer defects and can be
explored further. Because of the presence of energetic plasma, films grown by MPCVD
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can be expected to be moderately defective. The observed variation in film thickness and
the presence of small surface particles could also be promoted by substrate surface
roughness, which would result in plasma concentration on the sharp peaks and ridges.
However, in spite of these plasma-related processing challenges, the reduced growth time
and absence of a separate heating source makes the process attractive for graphene
production.
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CHAPTER 4. CONTIGUOUS PETAL-LIKE CARBON NANOSHEET OUT
GROWTH FROM CARBON FIBERS BY PLASMA CVD

4.1

Introduction
(Some of the content of this chapter has been reproduced from [72] with permission

from American Chemical Society) Spatially confined forms of crystalline carbon
materials (e.g., carbon nanotubes, graphene) possess unique and intriguing electronic,
mechanical, thermal and chemical properties. To serve useful functions, these materials
must be connected to larger-scale elements, and often, these mesoscopic interfaces
become the critical factors in the performance of these materials. For example, the
behavior of carbon nanotube transistors is largely dictated by their metallic source and
drain contacts [97]. Similarly, thermal resistance across carbon nanotube arrays is
dominated by their interfaces to bulk elements [98, 99], and the efficacy of carbon
nanotube additives for structural reinforcement of composites has been shown to be
limited by their poor interactions with surrounding matrix resins [100]. Graphene has
recently received attention as a promising composite additive [1, 101] and as an
electronic device element [102, 103], in part because its electronic structure is less
sensitive to lattice orientation as compared to single-walled carbon nanotubes which
require a high degree of chirality control [97]. However, the electronic structure of
graphene can be strongly influenced by substrate interactions [104, 105], which ideally
would be avoided through the creation of suspended graphene structures. In this chapter,
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we report a graphene synthesis approach that addresses the issues of edge interconnection
and substrate interactions through the synthesis of cantilevered multi-layer graphene
sheet- or petal-like outgrowths that are seeded from a core graphite fiber. The resulting
structures offer the possibility of minimizing interfacial losses in transport applications,
improved interactions with surrounding matrix materials in composites, and a route
toward substrate independence for device applications.
Apart from the popular method of micromechanical cleavage of bulk graphite to
obtain one or a few layers of graphene [4, 5], a variety of chemical methods exist to
synthesize graphene. Common chemical methods include solution-phase exfoliation of
graphite in certain organic solvents [22, 37, 106-108], thermal decomposition of a SiC
substrate [25], and carburization and annealing of a metal substrate [40, 43, 109-111].
Chemical exfoliation to produce graphene has been suggested for large-scale production
and low cost [106, 107] in which a process of graphite oxidation and/or thermal
expansion of graphite oxide (GO)/expandable graphite is followed by annealing in a
reducing atmosphere. Ultrathin graphene layers are formed by vacuum graphitization
through silicon depletion from a SiC surface. The process can involve either simple
thermal decomposition [109] or the presence of a radio-[111] or microwave-frequency
source [40].
Plasma-enhanced chemical vapor deposition (CVD) has been widely used for the
growth of different carbon nanostructures such as carbon nanotubes [112], carbon
nanosheets [69, 105, 110] and diamond films [113]. Microwave plasma CVD (MPCVD)
was recently used to grow vertically oriented graphene on a variety of substrates [111],
and graphite flakes have been deposited on the walls of a stainless steel microwave
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MPCVD chamber [53]. DC arc discharge of graphitic electrodes has also been shown to
yield petal-like graphite sheets [114]. Mixtures of H2 and He suitably proportioned in an
arc discharge can also be used to improve graphene growth [115], with the hypothesis
that H2 serves to terminate the dangling bonds in the evaporated graphite thereby
preventing it to form closed structures such as CNTs.
The main advantage of the method discussed in the present work, apart from not
requiring metal catalysts to drive growth, is that hetero-junctions do not exist between
graphene and the underlying substrate—in this case a graphite fiber. In prior work,
carbon nanotubes have been used in conjunction with graphite fibers to improve
mechanical composite properties [116], and carbon nanosheets without fibers have been
shown to enhance the thermal properties of epoxies substantially [117]. In the present
work, the fiber substrate itself provides sites for nucleation of the graphite petals. This
type of contiguous monolithic growth is expected to lead to a significant improvement in
mechanical and transport properties of the fibers when used in composite or device
applications. Homo-junctions avoid internal stresses arising from the mismatch of lattice
parameters and formation of intermediate amorphous or carbide phases [40] such that
weak bonds and interfacial resistances do not form. For example, such petal-decorated
fibers are expected to improve the strength and integrity of interfaces between the fiber
and polymer matrix in bulk composites [100].
Many different forms of graphite fibers exist and are commonly used as
strengthening agents in composites [118]. Highly graphitized fibers, such as Cytec’s
P100, made from melt-spun liquid crystal mesophase pitch [119] exhibit numerous
desirable mechanical, electrical and thermal properties. They are exceptionally stiff (high
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tensile and compressive modulus), usefully strong (moderate tensile and compression
strength), and have moderately to very high electrical and thermal conductivities [120].
Unfortunately, their structure consisting of stacked multiple crystals of graphite basal
planes [121, 122] renders them unable to transfer these desirable properties from fiber to
fiber [123]. Highly graphitic fibers, such as P100, primarily present the normal to the
graphite basal planes on their surfaces [121, 123]. Because chemical modification and
functionalization of the basal planes is almost impossible, use of the fibers in a bulk
composite results in poor effective material properties [121]. Numerous attempts to
modify the surfaces of graphite fibers by chemical and plasma means have resulted in
modest success [123, 124]. One relatively promising approach involves the use of oxygen
plasma [123], which removes folded graphite basal planes at the fiber surface and
implants oxygenated groups. This approach moderately improves the mechanical
properties of composites using graphite fibers, but it has not been shown to improve
thermal or electrical properties.

4.2

Results and Discussion
P100 graphite fibers of 10 μm diameter elevated 6 mm above a Mo puck were

subjected to MPCVD conditions of H2 (50 sccm) and CH4 (10 sccm) as the primary feed
gases at 30 torr total pressure and 700 W plasma power. Figure 4.1 contains several SEM
images of carbon fibers. In Figure 4.1 (a), which corresponds to 10 minutes growth
duration, petal-like outgrowths are clearly apparent, and the predominant twodimensional orientation appears to lie in the plane normal to the fiber surface and
oriented along the fiber’s axis. The inset of Figure 4.1 (a) shows a pristine carbon fiber
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without any pretreatment to illustrate the relatively smooth surface of the fiber before
growth.
Figure 4.1 (b) corresponds to 30 minutes of growth time and illustrates the
continued growth of the petals, which retain a general orientation along the fiber’s axis.
The petals have grown approximately 500 nm out from the surface, and the typical span
of a single unwrinkled two-dimensional grain is approximately 250 to 1000 nm [see inset
Figure 4.1 (b)]. Further, the growth appears to be of microscopically uniform density both
axially and circumferentially. Figure 4.1 (c) shows the growth carried out in the absence
of oxygen. Though uniform growth occurs, the petals are less oriented to the fiber axis
and appear to be thicker.
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Figure 4.1. SEM images of the graphene outgrowth on carbon fiber carried out for
different growth durations in the presence of oxygen: (a) 10 minutes with inset showing
pristine fiber and (b) 30 minutes with inset showing a zoomed-in image. (c) Growth
without oxygen for 30 minutes.
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We note that elevation of the fibers above the Mo puck was found to be essential
to the growth process, as placement of fibers directly on the puck surface resulted in no
significant growth. This elevation resulted in a marked increase in the intensity of visible
thermal radiation from the fiber surface. Presumably, the enhanced electric field near the
elevated fibers results in an increased flux of plasma radicals. Such influx would increase
fiber temperature. Based on measurements recorded by a dual-wavelength pyrometer
(Williamson PRO 92), the fiber temperature during growth is estimated to be
approximately 1650 K.
A focused ion beam (FIB) microscope was employed to prepare the TEM
specimens in order to analyze the cross-sectional microstructure of petal-decorated
graphite fibers, as shown in Figure 4.2. To protect the fiber surfaces from bombardment,
a Pt protection cap of 2
injection system under e-beam irradiation. Well-aligned graphite layers of 0.34 nm
spacing were revealed in the graphite fiber parallel to its axis direction, indicating that the
original fiber microstructure was preserved during microwave plasma CVD growth. The
petal outgrowths appear to be 5-15 nm in width (see Figure 4.2 (b)), representing up to
dozens of graphene layers. Neither significant disruption to the atomic arrangement of
graphite layers nor disordered amorphous regions are apparent in the fiber/petal interface.
Therefore, the growth mechanism appears to involve sprouting and branching of petals
from the superficial graphite fiber surface layers while maintaining the continuity of
graphite structure from the fiber to petals (see Figure 4.2 (c-d)).
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Figure 4.2. Electron microscope images of (a) the cross-sectional microstructure of petaldecorated graphite fibers by SEM. (b) Low-resolution TEM images showing petals of 515 nm in width. (c) and (d) Magnified TEM images of the fiber/petal interface showing
neither significant disruption to the atomic arrangement of petal layers nor disordered
amorphous regions at the interface.

Raman spectra of (i) a pristine carbon fiber and (ii) a carbon fiber with a petaldecorated surface recorded in a backscattering arrangement, under 532 nm laser
excitation at 8 mW power [125], are shown in Figure 4.3 (a). Raman spectroscopy gives
rich microscopic information of the various all-carbon allotropes. In the case of graphitic
carbon, Raman spectra present several characteristic bands: a G band near1580 cm–1, a D
band near 1350 cm–1, a 2D band near 2700 cm–1, and a weak D′ feature near 1620 cm-1
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and its 2D′ overtone near 3240 cm–1. Though first-order Raman processes look at only
the Brillouin Zone (BZ) center phonons, the D band has been associated with defectmediated phonons near the BZ edge (near K-point), and a finite 2D band intensity exists
even if the D band does not. The Raman spectra of graphene has been used as a
fingerprint of the number of layers using the G band position and I(G)/I(2D) ratio [89, 91,
126] and more recently through the 2D band position and shape [104]. The intensity of
the D band also correlates to defect density [104].
The observed Raman spectra of the pristine fiber spectrum (i) in Figure 4.3 (a)
with an I(D)/I(G) ratio of 0.084 is consistent with those observed from similar carbon
fibers [127, 128] and suggests that the carbon fibers are not fully graphitized [128]. The
Raman spectrum from the decorated fiber, shown in the lower spectrum (ii) of Figure 4.3
(a), is dominated by three strong bands (along with the other weak expected bands): D
band at 1346 cm-1, G band at 1582 cm-1, and 2D band at 2700 cm-1. The I(D)/I(G) ratio
increased markedly to 0.28 after petal growth, and this ratio is similar to that reported for
few-layer graphene (FLG) grown by plasma enhanced CVD techniques with I(D)/I(G)
ratios between 0.2 to 0.3 [40, 111]. The enhanced D band intensity is likely the result of
defects arising from crack formation in graphene layers due to differences in substrate
adhesion; these cracks then serve as sites for additional growth and folding of the
graphene sheets. Also, increases in the 2D band’s width and its intensity relative to the G
band upon petal decoration are consistent the formation of FLG [104].
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Figure 4.3. (a) Raman spectra of carbon fiber (i) before growth and (ii) after 30 minutes
of growth duration showing few layers of graphene. (b) Raman spectra obtained after
subtracting the two spectra in Fig. 3(a), namely, (ii)-(i).

Given that the Raman spectra in Figure 4.3 (a) are generally similar and that the
lower spectrum (ii) is a convolution of both underlying carbon fiber and its surface, we
have subtracted the two curves, and the result is shown in Fig. 3(b). The feature in the
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region near 2700 cm-1 becomes more clearly the convolution of two underlying peaks at
2687 and 2727 cm-1, and is consistent with profiles of FLG flakes between 5 and 25
layers [104]. The TEM images in Figure 4.2 reveal a diversity of petal thicknesses that
are expected to produce a similar composite Raman signature in this region. Further the
I(D)/I(G) and I(G)/I(2D) ratios suggest the presence of a FLG with large defect density,
but the values are very similar to those produced by plasma CVD techniques [40, 111].
4.3

Conclusion
In conclusion, we report the growth of contiguous petals from graphite fibers by

microwave plasma CVD without the use of catalyst. Atomic-scale imaging reveals
continuity of graphene planes in the transition region from fiber to petal, suggesting that
the outgrowths should exhibit good mechanical integrity and transport at interfaces.
Important contributors to this result appear to include electric field enhancement in the
plasma growth environment and the addition of a trace amount of oxygen to the gas
mixture. Studies are ongoing to discern and optimize the associated thermo-chemical
processes. The structures reported herein may find applications in composite materials
for structural and/or thermal enhancement, suspended graphene films between fibers for
new electronic device structures, efficient electron emitters, and biological or chemical
electrodes.
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CHAPTER 5. 3 OMEGA METHOD FOR MEASURING THERMAL INTERFACE
RESISTANCE BETWEEN CARBON FIBER AND EPOXY

5.1

Introduction
(Some of the content in this chapter has been published in [72] and has been

reproduced with permission from American Chemical Society) Carbon fibers have
excellent mechanical, electrical and thermal properties. These high strength materials
have found extensive applications as reinforcement material in composite materials.
Carbon fibers are chemically inert, lightweight and retain their exceptional properties up
to very high temperatures [129]. These properties make carbon fibers ideally suited for
applications requiring high strength, low weight, and outstanding fatigue characteristics.
Carbon fibers are also finding applications in situations demanding chemical inertness
and high temperature performance.
Interfaces in carbon fiber composites often dictate their general performance
limits. For thermal transport, enhancement of the effective thermal conductivity in the
cross-plane direction of a composite would have positive implications for a variety of
applications, ranging from aircraft skins to lightweight heat exchangers. As shown in
Figure 5.1, the interface can be defined as a thin region separating the fiber surface from
the bulk matrix. Very often, due to poor interfacial adhesion between the fiber and the
matrix, the composites fail to achieve the desired improvement in their properties. This
holds true for both mechanical and electrical properties of the composites. The poor
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performance at the interface also adversely affects thermal properties. The
thermalresistance at the interface has been shown to limit heat flow across composite
materials [130-132].

Figure 5.1. Interface and interphase of fiber reinforced composite. Reprinted with
permission from [133], © John Wiley and Sons.

Several methods have been developed to improve the bonding between the fiber
and the matrix [133]. The different methods, which have primarily focused on surface
treatment of the fibers, can be divided into two categories: (i) oxidative surface treatment
and (ii) non-oxidative surface treatment (Figure 5.2). Oxidative treatment of the fibers
involves modification of the fiber surface either using oxidizing plasma or an oxidizing
chemical agent. Conversely, non-oxidative treatments involve treating or modifying the
fiber surface by non-oxidizing plasma or by a deposition of whiskers or some form of
carbon over the fiber surface. Whiskerization, which involves deposition of whiskers
such as those of silicon carbide, provide mechanical bonding sites and has been shown to
significantly improve the inter-laminar shear strength.
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Figure 5.2. Treatment methods on carbon fibers. Reprinted with permission from [133],
© John Wiley and Sons.

Thostenson et al. [134] developed a carbon nanotube/carbon fiber multiscale
composite. The carbon nanotubes were grown directly on the carbon fiber surface by
using chemical vapor deposition. The growth of the CNTs on the fiber was shown to
improve interfacial load transfer. Figure 5.3 below shows the images of a bare fiber and
CNT coated carbon fiber used in this work.
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Figure 5.3. SEM image showing (a) bare carbon fiber and (b) CNT coated carbon fiber.
Reprinted with permission from [134], © American Institute of Physics.

A very similar work showing the growth of graphene petals on carbon fiber has
been conducted by Bhuvana et al. [135]. Petal like structures were grown from the fiber
surface with microwave plasma chemical vapor deposition (MPCVD). Figure 5.4 shows
a SEM image of the grown petal-like structures. Effect of such graphene petal-decorated
fibers on the properties of the composites has not been studied yet. However, it is
expected that due to absence of any intervening catalyst layer and also larger surface area
of these petals, compared to the CNT coated fibers; these petal-decorated fibers will
result in better improvement in properties at the interface. This is also expected to
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decrease interfacial thermal contact resistance which is of great importance in

Figure 5.4. SEM image showing (a) bare carbon fiber and (b) Graphite petal coated
carbon fiber.

composites, especially those subjected to high temperature environments. It should also
be noted that in the process of petal growth three of the non-oxidative fiber treatment
methods (shown in Figure 5.2) are simultaneously present. The process involves (i)
plasma treatment of the fibers by hydrogen plasma (ii) results in whiskerization in the
form of petals and also (iii) leads to growth of pyrolitic carbon in the form of graphitic
petals on the fibers. Each of these factors is expected to increase the fiber epoxy
interaction.
While models have been developed to predict the thermal properties of composite
materials generally, the thermal interface resistance in carbon fiber composites is often
critical in determining effective thermal conductivity. The work presented here uses a
self-heating 3 method to measure the epoxy-fiber interface resistance for a single
carbon fiber embedded in an epoxy matrix.
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5.2

The 3ω Method
The method involves a heater driven by a sinusoidal current (I0sin(ωt)) at frequency

ω. This produces joule heating given by I2R (I=Irms) at frequency 2ω which in turn causes
the temperature and hence the electrical resistance to fluctuate at a frequency 2ω.
Fluctuating resistance at frequency 2ω combined with driving current at frequency ω
results in a voltage fluctuation at frequency 3ω. The 3ω voltage contains information
about the thermal properties of the material. The method has been used extensively to
measure the thermal conductivity and specific heat of solids and thin films [136, 137],
suspended wires [138] and liquid [139, 140] and gases [141]. It has also been shown that
even the 1ω and 2ω signals contain the same information as 3ω signal [142].

Figure 5.5. A schematic diagram showing the carbon fiber inside epoxy with four
contacts to it.

5.3

Derivation of a Relation for the 3ω Voltage
Figure 5.5 shows a schematic diagram of a wire embedded in an infinite epoxy

medium. The outer two terminals are connected to a current source that supplies a
sinusoidal current given by I0sin(ωt). The middle two contacts are connected to the lock
in amplifier which detects the voltage drop. The length of the wire between the two
voltage terminals is l The wire radius is ‘a’. The electrical resistance of the wire at this
temperature is denoted by R . The temperature coefficient of resistance of the wire is
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5.3.1

dR
.
dT

5.1

3ω Voltage for Zero Fiber Diameter without Interface Resistance
The typical 3ω voltage derivation assumes a line heater in which the heater

properties and the contact resistance between the heater and the substrate are neglected.
Assuming a line heater (a zero diameter fiber) and a cylindrical coordinate system, the
governing equation for the steady state periodic temperature rise, θ(r,t) in the material
surrounding the heater is given by
 2 1  1 


.
r 2 r r  t

5.2

θ(r,t) is the periodic temperature rise in the epoxy due to joule heating at 2ω frequency.
θ(r,t) can be expressed as.
 (r, t )   (r ).exp(i 2t ).

5.3

Substituting this expression into the above equation gives,
 2 1 

 q 2 .
r 2 r r

5.4

Note that in the above equation,θ=θ(r). The boundary conditions are

k (2 al )


r

 I 2 R.

5.5

r a

 r   0.

5.6

The solution to the above differential equation is given by,

 (r )  1I 0 (qr )   2 K0 (qr ).

5.7
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I0 and K0 are modified Bessel functions of the first and second kind respectively, and the
complex quantity q is given by

q

i 2
.


5.8

Applying boundary condition 5.6, we find the requirement, ε1=0. Applying condition 5.5,
we find,

2 

I 2R
.
2 al (kqK1 )

5.9

Thus the reduced solution becomes:

 (r ) 

I 2 R  K 0 (qr ) 

.
2 al  K1 (qa) 

5.10

For a line heater (a=0), the solution further reduces to
 (r ) 

I 2R
K 0 (qr ).
2 kl

5.11

Figure 5.6 below shows the in-phase and out-of-phase components of the
temperature rise as given by Equation 5.11. In the low-frequency regime, the out-ofphase part has a linear profile, the slope of which is very sensitive to the thermal
conductivity of the substrate material. A fit to the initial linear regime is used to extract
the substrate thermal conductivity using the 3ω method.
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Figure 5.6. In-phase and out-of-phase components of the temperature rise without
considering the heater properties and interface resistance between the heater and the
susbstrate. It can be noted that in the low frequency regime, the out-of-phase part has a
linear profile.

The third harmonic voltage is given by:

V3  

dR
I.
dT


I 3 R  dR / dT   K 0  qr 
V3 
 Ri''  .

2 al
 kqK1  qa 


5.12

5.13

Because θ changes at frequency 2ω and the current (I) changes at frequency ω, the
voltage given by Equation 5.12 changes at frequency 3ω. Substituting Equation 5.10 into
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Equation 5.12 gives Equation 5.13. Equation 5.13 shows that for a given heater on a
substrate,
V3  I 3 .

5.14

This fact is often used for verifying that the 3ω set-up is working properly.

5.3.2

Effect of Interface Resistance
If we consider an interface resistance Ri’’ between the heater (the carbon fiber in

this case) and the surrounding material (epoxy in this case), then the boundary condition
5.5 is modified to



fiber

 epoxy 

r a

 I 2R 
 Ri'' 
.
 2 al 

5.15

Equation 5.15 states that the resistance at the interface leads to a temperature jump
between the fiber and the epoxy. Substituting for θepoxy from Equation 5.10 we find,

 fiber


I 2 R  K 0 (qa)

 Ri''  .

2 al  kqK1 (qa)


5.16

Thus, the interface resistance Ri’’ leads to a constant shift (that does not depend on
frequency) in the real part of the temperature fluctuation. The out-of-phase part of the
temperature rise is unaffected by the interface resistance. Figure 5.7 below shows the
effect of the interface resistance on the temperature fluctuation.
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Figure 5.7. Effect of interface resistance on the in-phase and out-of-phase part of the
temperature rise. The interface resistance leads to a constant shift (that does not depend
on frequency) in the real part of the temperature fluctuation. The out-of-phase part of the
temperature rise is unaffected by the interface resistance.

5.3.3

3ω Voltage with Finite Fiber Diameter and Interface Resistance
The analysis so far has neglected the fiber properties (i.e., specific heat, density,

and thermal conductivity) on the 3 voltage. In case of a fiber in epoxy, the carbon fiber
serves as heater, and the surrounding epoxy can be considered as the substrate.
Neglecting the heater properties can be justified when the heater width is much smaller
than the penetration depth of the heat wave. However, in situations where the thermal
wavelength is comparable to the heater width, the effect of heater properties can no
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longer be neglected. The penetration depth (λ) of the heat wave in the substrate is given
by,




.
2

5.17

where α is the thermal diffusivity of the substrate and ω the frequency at which the
current is supplied. Thus the heater properties would begin to affect the 3ω voltage in
either of the following situations: (i) high frequency regime, and (ii) a substrate with
extremely low thermal diffusivity. For a typical fiber in an epoxy sample, Table 5.1
below gives the penetration depth for various frequencies.
Table 5.1. Penetration depth as function of frequency.
Frequency (Hz)
Penetration depth (  ,  m )
1

96.64

10

30.56

100

9.66

1000

3.06

5000

1.37

10000

0.97

Epoxy properties from the literature and a fiber diameter of 8 µm were used for
calculating the penetration depth. Starting with a frequency of 100 Hz, the penetration
depth is comparable to the fiber diameter. Thus one would expect fiber properties to start
affecting the 3ω voltage in that regime.
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If θ1 is the steady state periodic temperature rise in fiber and θ2 in the epoxy, then the
expression governing θ1 is given by
 21 1 1 q ''' 1 1



, r  a.
r 2 r r
k  t

Where q ''' 

5.18

I 2R
, is the heat generated per unit volume in the fiber.
 a 2l

The governing equation for θ2 is given by
 2 2 1  2 1  2


, r  a.
r 2 r r
 t

5.19

Periodic heat generation at frequency 2ω in the fiber gives rise to a periodic temperature
rise at frequency 2ω in the fiber and the epoxy. Substituting θ1(r,t) = θ1(r) exp(i2ωt) in
and θ2(r,t) = θ2(r) exp(i2ωt) in Equation 5.18 and Equation 5.19 respectively, we find
 21 1 1 q '''


 q121 , r  a.
r 2 r r
k

5.20

 2 2 1  2

 q22 2 , r  a.
2
r
r r

5.21

θ1 = θ1(r) 1  1 (r ) and θ2 = θ2(r) represent the radial variation of temperature.
Equation 5.20 is a non-homogeneous second order differential equation, the solution for
which can be found by combining the solution for the corresponding homogeneous
equation with a particular solution of the non-homogeneous equation. After applying the
condition that the temperature should be finite at r = 0, we have

q '''
1   I 0 (q1r )  2 .
k1q1
Equation 5.21 is similar to Equation 5.4, solution for which is given by

5.22
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2   K0 (q2 r ).

5.23

The two constants η and ε can be found out by using the two boundary conditions of
constant heat flux at the interface and a temperature jump at the interface due to interface
resistance Ri'' . The temperature jump at the interface gives

q '''
a
 I 0 (q1a)  2   K0 (q2 a)  q ''' Ri'' .
k1q1
2

5.24

Constant heat flux at the interface gives

 k1q1I1 (q1a)   k2 q2 K1 (q2a).

5.25

Finally, the solution for η and ε become
1

 a
K0 (q2 a) 
1 
  q  Ri''  2   I 0 (q1a)  k1q1I1 (q1a).
 .
k2 q2 K1 (q2 a) 
 2 k1q1  
'''

5.26

and

 

 k1q1I1 (q1a)
k2 q2 K1 (q2 a)

.

5.27

Figure 5.8 shows the effect of including fiber properties on the temperature rise.
Including the fiber specific heat leads to a lower temperature rise for the in-phase part.
The effect becomes more dominant at higher frequencies when the heat wave is localized
in the vicinity of the fiber.
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Figure 5.8. Effect of including fiber properties on the temperature rise of the fiber.
Including the fiber specific heat leads to a lower temperature rise for the in-phase part.
The effect becomes more dominant at higher frequencies when the heat wave is localized
in the vicinity of the fiber.

Figure 5.9 shows the effect of interface resistance on the in-phase and out-ofphase part of the temperature rise. The interface resistance leads to an upward shift in the
in-phase part and splitting of the out-of-phase part as frequency increases. Compared to
Figure 5.7, the including the fiber properties has a similar effect on the way interface
resistance affects the in-phase temperature rise. The out-of-phase component shows a
split around 100 Hz that was not observed earlier.
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Figure 5.9. Effect of interface resistance on the in-phase and out-of-phase part of the
temperature rise. The interface resistance leads to an upward shift in the in-phase part and
splitting of the out-of-phase part as frequency is increased.

Figure 5.10 shows the thermal network model for the fiber in epoxy: (a) without
considering fiber properties and (b) with fiber properties. Including the fiber properties
adds a parallel resistance and capacitance to the circuit. As shown in Figure 5.10 (a), and
also as shown by Equation 5.16, when we do not consider the fiber properties, interface
resistance leads to a frequency independent jump of the in-phase temperature rise of the
fiber. This effect can be seen in Figure 5.7. However, with the fiber included in our
model, the interface resistance also leads to a split in the out-of-phase part of the
temperature rise (Figure 5.9).
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Figure 5.10. Thermal network model for fiber in epoxy. (a) Without considering fiber
properties and (b) with fiber properties. Including the fiber properties adds a parallel
resistance and capacitance to the circuit. This changes the way interface resistance affects
the temperature rise.

5.3.4

Effect of Material Properties

Figure 5.11 shows the effect of fiber thermal conductivity and fiber specific heat on the
temperature rise. While fiber thermal conductivity has negligible effect on the
temperature rise, the effect of fiber specific heat begins to show up at higher frequencies.
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Figure 5.11. Effect of (a) fiber thermal conductivity and (b) fiber specific heat on the
temperature rise. While fiber thermal conductivity has negligible effect on the
temperature rise, the effect of fiber specific heat becomes significant at higher
frequencies.
Figure 5.12 shows the effect of epoxy thermal conductivity and epoxy specific
heat on the temperature rise. Epoxy thermal conductivity significantly affects the slope of
the initial linear part of the in-phase component and the magnitude of the out-of-phase
component. Epoxy specific heat has a less pronounced effect on the temperature rise. The
effect of the epoxy properties is most significant in the low-frequency regime when the
heat wave penetrates much deeper into the epoxy.
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Figure 5.12. Effect of (a) epoxy thermal conductivity and (b) epoxy specific heat on the
temperature rise. epoxy thermal conductivity significantly affects the slope of the initial
linear part of the in-phase component and the magnitude of the out-of-phase component.
The epoxy specific heat has a less pronounced effect on the temperature rise.

Figure 5.13 (a) shows the effect of fiber radius on temperature rise. As expected, a
larger radius leads to a smaller temperature rise in the fiber. Figure 5.13 (b) shows the
effect of temperature coefficient of resistance of the fiber on the third harmonic voltage.
The third harmonic voltage is very sensitive to the temperature coefficient of resistance.
Hence its accurate determination is essential for precisely predicting the interface
resistance.

Figure 5.13. (a) Effect of fiber radius on temperature rise (b) Effect of temperature
coefficient of resistance of the fiber on the third harmonic voltage.
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Based on the foregoing analysis, the temperature rise in the fiber is found to be
most sensitive to epoxy thermal conductivity, interface resistance and the fiber’s
temperature coefficient of electrical resistance. Epoxy thermal conductivity affects the
slope of the linear part of the in-phase component and the magnitude of the out-of-phase
component. The interface resistance causes an upward shift of the in-phase component
and splitting of the out-of-phase component as the frequency is increased. Assuming that
other material properties are known and temperature coefficient of resistance is
accurately found, the experimental data can be fitted to Equation 5.23 to extract interface
resistance and epoxy thermal conductivity.

5.3.5

Sample Preparation
YSH 50 A (supplied by Nippon graphite fiber corporation) fiber was used for

preparing the samples. YSH 50 has a moderately high thermal conductivity of 120 W/mK
along the axial direction. Thermal conductivity in the radial direction was assumed to be
10 W/mK, a value close to the cross plane thermal conductivity of pyrolitic graphite.
However, as shown in Figure 5.11 (a), fiber thermal conductivity has negligible effect on
the temperature rise. A fiber density of 2100 Kg/m3 was used. This is the value provided
by the fiber supplier and is close to the density of pyrolitic graphite (around 2200 Kg/m3).
In order to prepare suspended fiber samples, first a template for suspending the
fibers was prepared. The template involved four parallel Cu wires wrapped around a
circular Teflon ring. A single fiber was pulled out of a bundle of YSH 50 fibers. The
pulled fiber was the carefully placed over the four Cu wires around the Teflon ring. In
order to bond the fiber to the Cu wires, a small quantity of electrically conductive Ag
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epoxy (H2OE Epotek two part Ag epoxy) was then placed at each of the four fiber and
the Cu wire interface. Care was taken to not to spread the epoxy over the fiber. The
sample was then heated at 175 oC for 5 minutes to cure the silver epoxy. Figure 5.14 (a)
shows a SEM image of the suspended carbon fiber between two of the four Cu wires
around a Teflon ring. Figure 5.14(b) contains a further magnified image showing the
fiber diameter and the rough fiber surface.

Figure 5.14. (a) SEM image showing suspended carbon fiber between two of the four Cu
wires around a Teflon ring (b) A further magnified image showing the fiber diameter and
the rough fiber surface.

An Epon 862/Epicure W system was used as the matrix material for the
composite. EPON 862 and hardener W were mixed in a ratio of 100:26 by weight
according to the manufacturer’s specifications. The mixture was then gently poured into a
container holding the suspended carbon fiber sample. Care was taken to not break the
suspended fibers as they were submerged in the epoxy. The whole sample was then
slowly heated to 120 oC over a period of 3 hours. The sample was then allowed to cool to
room temperature. This was then followed by a post-bake at 175 oC for 3 hours.

75
Petal growth on the single fiber sample was tried using the growth process
described in Chapter 3. Figure 5.15. shows a SEM image of a fiber after petal growth.
The diameter of the fiber increased from about 7 µm before growth to 7.64 µm after
growth.

Figure 5.15. SEM image showing increase in fiber diameter after a petal.

5.3.6

Experimental Measurements
For experimental measurements a Keithley 6221 AC current source was used to

drive a sinusoidal current through the carbon fiber at the desired frequency. A SR 850
lock-in amplifier was used to detect the 3ω voltage. Lock-in amplifiers are used to detect
and measure very small AC signals.
As shown in Equation 5.13, the 3ω voltage is directly proportional to the cube of
the supplied current. This cubic dependence will also lead to a linear relationship between

3 voltage and cube of the supplied current. Figure 5.16 (a) shows the plot of 3 voltage
as a function of the supplied current. The data fit very well with the cubic polynomial.
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Figure 5.16 (b) contains a plot of 3ω voltage as a function of the cube of the supplied
current. The data fit very well to a linear curve.

Figure 5.16. (a) A plot of 3 voltage as a function of the supplied current. The data
points fit very well with the cubic polynomial. (b) A plot of 3 voltage as a function of
the cube of the supplied supplied current. The data points fit very well to a linear curve.

About 45 different samples (20 bare fiber samples and 25 petal-decorated samples)
were prepared. Out of about 25 individual petal-decorated samples that were prepared,
only 9 had petal growth without an increase in the fiber diameter. In order to ensure that
the effect of petals is captured properly, only those petal-decorated samples which had a
diameter similar to the bare fiber sample (with only a small increase due to petal growth)
were selected for further study. Out of 9 such samples, data could be obtained from 4
(sample 4 to sample 7) of them. Similarly out of 20 bare fiber samples that were prepared
data could be collected from 3 (sample 1 to sample 3) of them. Many of the samples were
lost at various stages of sample preparation where either the fiber or the fiber-Cu contact
developed a discontinuity. This could happen due to several reasons including vibrational
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damage caused during sample handling and preparation and damage caused due to the
highly viscous flow of the epoxy around the fiber.
In order to fit the experimental data to the model, a nonlinear least-squares fitting
algorithm was used to fit the experimentally obtained third harmonic voltage to the third
harmonic voltage predicted by the model (Equation 5.22). A trust-region algorithm with a
robust fitting based on least absolute residual was applied. Interface resistance and epoxy
thermal conductivity were the two fitting parameters. Goodness of fit was evaluated
using R-square goodness of fit statistics. R-square goodness of fit for most samples had a
value greater than 0.95 thereby indicating a good fit between the model and the
experimentally obtained data. A 95 % confidence bound was calculated to estimate the
uncertainty in the obtained parameters. Figure 5.17 shows the thermal interface resistance
for bare fiber and petal-decorated fibers. The error bars correspond to 95% confidence
bound on the fitted values. The difference in the y-axis scale of the two plots should be
noted. The interface resistance varies over a wide range of values for the bare fiber
samples. Thermal resistance across an interface is very sensitive to surface roughness.
The observed variation in the interface roughness across different samples could be due
to variation in the surface roughness of the pitch fibers used in the experiment.
Nevertheless, a general trend of improvement after petal decoration is apparent where the
interface resistance lies below 12 mm2K/W. Further, petal growth also reduces the
magnitude of variability in the interface resistance observed for different samples.

78

Figure 5.17. Thermal interface resistance for (a) bare fiber and (b) petal; decorated fibers.
The error bars correspond to 95% confidence bounds on the fitted values obtained using
non-linear least squares fitting algorithm.

Figure 5.18 shows the epoxy conductivity as obtained from bare fiber samples
and petal-decorated samples. The epoxy conductivity increases from about 0.3 W/mK to
about 0.4 W/mK after petal decoration. The petals grown from the fiber penetrate into the
epoxy, thereby forming a layer around the fiber which has thermal conductivity higher
than the epoxy itself. The petal reinforced layer around the fibers leads to an increase in
the overall conductivity of the epoxy as detected in the experiment.
The decrease in thermal resistance after petal growth can be attributed to several
factors. Petal growth on the fiber increases the surface area. 500 nm tall petals grown on a
fiber with a separation of 100 nm between them would lead a six fold increase in the
surface area of the fiber. This would lead to drop in the interface resistance by the same
order of magnitude. Higher interface resistance as observed for some of the petaldecorated samples could be due to incomplete wetting of the petals by the epoxy. Closely
spaced petals on the fiber surface form sub-micron scale pores. Incomplete wetting of the
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epoxy of the petal surface within the pores would in effect reduce the increase in surface
area after petal growth. This problem could be addressed by increasing the spacing
between the petals and also by increasing the epoxy curing time. Increasing the curing
time would allow the epoxy to penetrate through the pores while the epoxy is still in a
low viscosity state at high curing temperature. Recently there has been a growing trend
towards growth of nanostructures on fiber surface for improving fiber-epoxy interaction.
The results presented here point towards the need for an optimal density of the
nanostructures in order to achieve the desired improvement.

Figure 5.18. Epoxy conductivity as obtained by the 3ω experiment from (a) bare fiber
samples and (b) petal-decorated samples. The error bars correspond to 95% confidence
bounds on the fitted values obtained using non-linear least squares fitting algorithm.

Plasma treatment has also been reported previously to increase the adhesion
between the fiber and epoxy. Plasma treatment removes a weak outer layer on the fiber
surface and increases the number of surface active groups [124, 133]. Surface wetting
property of the fiber has also been reported to improve after plasma treatment [133].
Deposition of pyrolitc carbon is another way to improve fiber/epoxy adhesion (Figure

80
5.2). In the petal growth by MPCVD, both plasma treatment and carbon deposition
simultaneously occur. These two effects combined together lead to a reduction in the
thermal interface resistance.

5.4

Conclusion
A 3ω method was used to measure the thermal interface resistance between a carbon

fiber and epoxy in a carbon fiber composite. First direct experimental measurement of
interface resistance between fiber and epoxy in a carbon fiber composite was provided.
The developed method can be used to directly study thermal resistance at the interface.
So far, interface resistance has been typically studied by measurement of effective
conductivity of the composite. Such an indirect study does not fully capture the effect of
interface resistance. A direct measurement by a method such as the one reported in this
work would allow for a more detailed study of interfacial properties. A detailed analysis
of the effect of material properties on the third harmonic voltage was also carried out.
The temperature rise in the fiber is found to be most sensitive to epoxy thermal
conductivity, interface resistance and the fiber’s temperature coefficient of electrical
resistance. Petal growth on the fibers leads to a decrease in the thermal interface
resistance. Higher value of resistance as observed for a sample can be attributed to
incomplete wetting of the petals by the epoxy. The developed method can be used to
further study the effect of different fiber treatment processes on the thermal interface
resistance between carbon fiber and surrounding matrix in carbon fiber composites.
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CHAPTER 6. GRAPHENE PETAL DECORATED CARBON NANOTUBE ARRAY
FOR ENHANCED MECHANICAL PERFORMANCE

6.1

Introduction
(Some of the content of this chapter has been published in [143] and has been

reproduced with permission from the Royal Society of Chemistry) Carbon nanotubes
(CNTs) and graphene constitute two distinctive types of functional carbon materials
representing one-dimensional (1D) and two-dimensional (2D) nanostructures. Graphene,
a monolayer of sp2 carbon, has emerged as an attractive two-dimensional (2D)
nanomaterial with many interesting low-dimensional physical properties and potential
applications [144-146]. It is mechanically strong and possesses excellent electrical and
thermal transport properties, suggesting potential miniaturization of electronic devices for
diverse operating conditions [147-149]. A carbon nanotube (CNT) is rolled graphene
sheet, amounting to further confinement of important properties from 2D to 1D [150]. A
structure comprised of the integration of a 1D material having a basis in its 2D
complement may deliver fascinating properties both for fundamental understanding as
well as practical implications. Theoretical investigations of such structures reveal well
defined deviations from the honeycomb carbon lattice near the junction [151]. Recently,
studies have also suggested the possibility of intriguing new transport properties, such as
coupling and resonance of electronic states [152, 153].
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Despite such promise, the fabrication of chemically integrated CNT-graphene
structures remains a challenge owing to the different conditions required for each
structure. Graphene is usually generated by exfoliation of graphite or by
controlleddecomposition of hydrocarbons on a planar surface, while CNTs are obtained
by a catalytic process with a hydrocarbon precursor. Although aligned CNTs have been
grown on a thin film of solution-processed graphene, their microstructure is unknown
[154]. Due to the poor wettability of graphite surfaces by catalyst particles, aggregation
and coalescence of the catalyst particles creates additional complications. On the other
hand, bottom up synthesis of graphene on CNTs, with the potential of tailoring the
growth and nature of each component individually has not been reported.
CNT arrays have found promising applications as thermal interface materials
[155], and as reinforcements in composites for enhanced thermal [156, 157] and
mechanical properties [158]. In each of these applications the stability of the CNT array
under mechanical loading is of paramount importance. To this end several studies have
been conducted on CNT arrays with a view of understanding their response to
compressive mechanical loading [158-163]. Arrays have been shown to have both foamlike[163, 164] and column like behavior [163]. Vertically aligned CNT arrays present a
complex network of CNTs standing vertically over a flat substrate. Despite an overall
vertical orientation, the CNTs form a complex network making it difficult to predict the
array behavior. While there have been reports of CNT arrays showing good elastic
recovery [161, 164], there have also been reports where the CNTs show a permanent
plastic deformation [159, 165]. Shorter CNTs with greater alignment have been reported
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to show column like behavior. The behavior is foam-like for taller and more entangled
arrays [163].
Tuning the array response to mechanical loading would help address the observed
variability in array behavior. While little work has been done on this subject, it has been
shown that densification of the CNT array leads to an increase in elastic modulus [166].
Densification was achieved either with the help of a solvent, or by mechanically
compressing the array with a steel ball. In densification using a solvent, the CNT array is
first soaked into a solvent and then allowed to dry. As the solvent evaporates, capillary
forces cause the CNTs cling together. In another report, a post-growth CVD treatment
was used to improve the compressive elastic modulus and elastic recovery of the CNT
array [159]. The CVD treatment led to an increase in array density and the improvement
in mechanical behavior was attributed to increase in radial diameter of the CNTs.
Here we present a microwave plasma chemical vapor deposition (MPCVD) method
for growth of a unique graphene/CNT structure comprising of multi-layer graphene petals
grown over individual CNTs in a vertically aligned CNT array. Such an all-carbon
structure offers a unique way to densify the CNT array while simultaneously preserving
the array morphology and mechanical properties under different situations. In this report,
effect of petal growth on the mechanical behavior of the CNT array is studied using
nanoindentation.

6.2

Experimental Methods
CNTs were grown using MPCVD on a Si substrate using a process that has been

previously reported [155]. A tri-layer catalyst of 30 nm of Ti, 10 nm of Al and 5 nm of Fe
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was used for the CNT growth. Growth was carried out for 5 minutes. This was then
followed by the growth of graphite petals on the CNTs. The petal growth occurs mainly
near the top with the petal density decreasing as we go down the array. The growth of
petals is based on a method similar to that reported previously for graphene growth [50].
The sample is elevated in the growth chamber using a ceramic pillar. Growth is carried
out at 500 W of plasma power with CH4 and H2 flowing at 10 and 50 sccm respectively.
Three different petal decorated CNT samples for growth duration of 6 min 12.5 min and
25 min were prepared. An additional CNT sample without any petal growth was kept for
nanoindentation testing. Thus in total four different samples were studied.
Nanoindentation tests were carried out using a MTS nanoindenter using a
nominally 100 µm diameter flat punch indenter. The Continuous Stiffness Method (CSM)
was employed for collecting the data. This implements a sinusoidal oscillation on top of
the constant strain rate. A constant strain rate of 0.025 s-1 was applied over which a
sinusoidal strain of 10 nm amplitude was superimposed. The CSM frequency was held
constant at 45 Hz. Applied load varied from 10 mN to 700 mN (maximum capacity of the
equipment). A spacing of 250 µm was maintained between indents. Indentation tests were
carried out in a 10x2 matrix, allowing 20 tests per sample. Scanning electron images were
taken using Hitachi S-4800 microscope.

6.3

Results and Discussion
Figure 6.1 below shows a SEM image of petals grown on top of CNTs (CNTs

grown for 10 min). As shown in Figure 6.1 (a) and (b) the petals grow not only on the top
surface but also penetrate into the CNT array. The density of petal growth decreases
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going down the CNT array. This can be clearly seen in Figure 6.1 (c) where the CNTs at
the bottom seem to be largely unaffected by the petal growth. Figure 6.1 (d) shows a top
view of the petals grown on the CNTs in which the dense growth of the petals completely
obscures the underlying CNTs.

Figure 6.1. SEM image showing the petal growth on the CNT array. An image near the
top (a) and (b) and bottom (c) of the array. Figure 2(d) shows the top view of the petals
on the CNT array.
CNT arrays before and after growth of the graphene layers were further
characterized by using a confocal Raman microscope equipped with an excitation source
of 532 nm in ambient conditions. Figure 6.2 shows the Raman spectra from CNT samples
before and after petal growth. Both spectra contain three prominent peaks at 1340 cm-1,
1590 cm-1 and 2703 cm-1, which correspond to the D, G and the 2D bands respectively.
However, the relative intensities of these peaks differ significantly in the two spectra. The

86
intensity ratio of the D and G band is a measure of disorder in the CNTs. For the CNT
sample, the D peak is higher than the G peak with a ID/IG ratio of 1.43. The ID/IG ratio for
the graphene sheets is 0.41, far lower than in CNTs, signifying fewer defects in the of
few-layer graphene petals.

Figure 6.2. Raman spectra acquired in ambient conditions with an excitation wavelength,
of 532 nm from (a) CNT array, and (b) the graphene petals grown on the top of CNT
arrays.

Figure 6.3 shows the top view SEM image of the four kinds of samples prepared.
As can be seen from the images, the petals make the array dense and the petal density
increases with growth time.
For nanoindentation studies, CNT arrays grown for 5 minutes were used. Three
petal decorated samples with petals grown for 6 min, 12.5 min and 25 min were prepared.
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Thus, in total four samples (one without any petal growth and three with petal growth)
were tested. Figure 6.3 (a) to (d) shows SEM images of the top views of the four samples.
As can be seen from the images, the petals grow around the CNTs and their density
increases with growth time. Thus, by controlling the growth time, the petal density over
the array can be controlled.

Figure 6.3 SEM image showing top view of the samples prepared. (a) CNTs without any
petal growth (b) CNT array with (b) 6 min (b) 12.5 min and (d) 25 min petal growth. The
petal density over the CNTs increases with growth time.

Figure 6.4 shows cross section view of CNTs with petals grown for 6 min. Figure
6.4 (a) and Figure 6.4 (b) are images at two different magnifications. CNTs are about 10
µm tall and the petal density decreases as we go down the array.
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Figure 6.4. SEM image showing the cross section view of CNTs with petals grown for 6
min. (a) and (b) are images at two different magnification. CNTs are about 10 µm tall and
the petal density decreases as we go down the array.

Figure 6.5 shows load displacement plots for the four samples prepared. CNTs
without any petal growth show foam-like behavior. This is characterized by an initial
linear elastic regime followed by a flat plateau during which the sample undergoes a
significant deformation at only a slight increase in load. The ligaments of the foam
undergo buckling and plastic deformation at this stage. Finally the ligaments are fully
crushed leading to a densified stage. This stage is characterized by a sharp rise in the load
with no further deformation. All three characteristic stages can be clearly seen in Figure
6.5 (a). The behavior of the CNT array changes significantly as the petals are grown over
them. As the petal growth time is increased the behavior gradually changes from low
density foam-like to that of a very dense foam-like material. A similar effect on the loaddisplacement behavior has been observed for open cell foams as the foam density was
increased [167]. The density of foams is increased by increasing the thickness of the
ligaments of the foam. Thus, petal growth over CNTs has the same effect as densification
of open cell foams.
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Figure 6.5. Load-displacement plot for (a) CNT sample without any petal growth and
CNT sample with (b) 6min, (c) 12.5 min and (d) 25 min of petal growth.

Petal growth also increases the stiffness and elastic recovery of the array. Figure
6.6 shows more clearly the effect of petal growth on load-displacement curve. The load
required for a given amount of displacement increases after petal growth. The array also
recovers more after the CNTs have been decorated with petals. The CNT only sample
showed a permanent plastic deformation (plastic set) of 8.5 µm while after 6 min petal
growth the plastic set was reduced to 4.5 µm.
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Figure 6.6. Load-displacement curve showing the change in array behavior after petal
growth.

Figure 6.7 shows the initial region of the load-displacement curve for CNT only
sample and the sample with 6 min petal growth. A slight non-linearity at low
displacements likely represents the condition when the indenter is not yet fully engaged
with the array. The CNT array without any petal shows a linear region after the initial
non- linearity. From the slope of this linear region (from 0.5 to 1µm) , the Young’s
modulus of the array can be estimated to be 1.5 MPa. A value of 0.22 to 0.25 MPa has
been reported previously for 15 µm tall CNT arrays grown on Si [162]. Similarly, for the
CNT array with 6 min petal growth the elastic compressive modulus can be computed to
be 5.13 MPa. Thus only after petal growth for 6 min, the array stiffness increases by
more than a factor of three.
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Figure 6.7. Load-displacement curve showing (a) initial elastic region and onset of
buckling for CNT only sample (b) non-linear behavior for the 6 min petal sample.

Stability of the array under cyclic loading was also studied. Displacement based
cyclic load was applied. Samples were loaded to a set maximum displacement and then
unloaded to minimum load. 200 cycles of such loading and unloading were carried out.
Figure 6.8 shows the load-displacement curves from the cyclic load tests showing
hysteresis. The hysteresis loop evolves significantly during the initial few cycles before
reaching a steady state. Similar hysteresis loops have been observed previously [160, 165,
168] and have been attributed to breaking of the bonds between neighboring CNTs and
viscous dissipation during compression due to air flow through the CNT array [165].
Relative shifts in the hysteresis loop reduces upon petal growth (Figure 6.8). The array
also reaches a stable state in fewer cycles. Thus, petal decoration of the CNT array also
helps improve the array stability under cyclic loading.
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Figure 6.8. Load-displacement curves showing hysteresis (a) CNT only sample (b) 6 min
petal sample (c) 12.5 min petal sample and (d) 25 min petal. Relative shift in the
hysteresis curve reduces with petal growth.

The stability of the array when soaked in a liquid can be important in certain
situations such as flow boiling and submerged pool boiling. In such situations it is crucial
that the array retains its morphological features as it is cyclically taken in and out of the
fluid. To study the effect on the mechanical behavior of the array, load-displacement tests
under solvent (isopropanaol) were carried out. Figure 6.9 shows SEM images of the
samples before and after soaking in Isopropanol. The solvent was allowed to dry before
recording images. Figure 6.9 (a) shows images for a CNT sample without any petals
Figure 6.9 (b) shows images for a CNT sample with petals grown for 6 min. While
clustering of the CNTs is apparent in Figure 6.9 (a), the solvent has negligible effect on
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petal decorated CNTs (Figure 6.9 (b)). Thus, petal growth helps in retaining the array
morphology as the solvent evaporates.

Figure 6.9. SEM images showing samples before and after soaking in solvent
(isopropanol). The solvent was allowed to dry out before taking image. (a) shows an
images for a CNT sample without any petal. (b) shows images for a CNT sample with
petals grown for 6 min. While clustering of the CNTs is apparent in (a), the solvent has
negligible effect on petal decorated CNTs (figure b).

Figure 6.10 shows SEM images of clustering in the CNT-only sample after
solvent dry out. Figure 6.10 (a) to (d) contain images at various magnifications. Due to
capillary effect the CNTs cluster as the solvent dries out.
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Figure 6.10. SEM images showing clustering the CNT only sample after solvent dry out.
(a) to (d) are images at various magnifications. Due to the capillary effect the CNTs
cluster as the solvent dries out. This clustering of the CNTs makes the array stiffer.

Figure 6.11 shows the effect of solvent on the load-displacement behavior of the
CNT array with and without petal growth. In the absence of petal growth, the array
becomes much stiffer after the solvent is allowed to dry. This is evident from the change
in required load (on the y-axis scale) for a similar range of displacement. As shown in
Figure 6.9 and Figure 6.10, capillary forces during solvent drying lead to clustering of the
CNTs. This, in effect, increases the density of the CNT array. Densification of the array
increases the array stiffness. Similar effects of solvent dry out have been reported earlier
by another group [166]. On the other hand, even after 6 min petal growth, there is very
little effect of the solvent dry out on the CNT array. Thus, petal growth not only helps in
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retaining the array morphology, but also preserves the mechanical characteristics of the
array.

Figure 6.11. Effect of solvent on load-displacement behavior of the CNT array (a)
without any petals and (b) with 6 min petal growth.

Differences in the load-displacement behavior of the CNT array in air, in solvent
and after solvent dry out are more clearly shown in Figure 6.12. Soaking in solvent has
the effect of reducing the stiffness of the array. Solvent dry out on the other hand makes
the array stiffer increasing the stiffness to a value greater than that for initial array
stiffness in air. This can be seen clearly in relative shifts in the load displacement curve
under these three different situations. However, by comparing Figure 6.12 (a) and Figure

96
6.12 (b) it is evident that the soaking in solvent and solvent dry out have much smaller
effect on the array when the array has been coated with graphene petals.

Figure 6.12. Comparison of the load displacement behavior in air, in solvent and after
solvent dry out for a CNT array (a) without petals and (b) with petal s grown for 6 min.

6.4

Conclusion
In this study, a microwave plasma chemical vapor deposition (MPCVD) based

method for growth of a unique graphene/CNT structure comprising multi-layer graphene
petals grown over individual CNTs in a vertically aligned CNT array was presented. Such
an all-carbon structure offers a unique way to densify the CNT array while
simultaneously preserving the array morphology and mechanical properties when under
different situations. Effects of petal growth on mechanical behavior of the CNT array in
air, in solvent and under cyclic loading in air were studied using nanoindentation
techniques.
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CHAPTER 7. OTHER APPLICATIONS OF GRAPHENE AND GRAPHENE PETALS

(Some of the content of this chapter has been published in [169], [170] and [171] and
has been reproduced with permission from John Wiley and Sons, IOP Publishing and
Elsevier) In this chapter we introduce the concept of using the multilayer graphene petals
grown by microwave plasma CVD (MPCVD) as substrates for high density nanoparticle
deposition. A variety of collaborative studies showing versatility of graphene petals were
carried out. Graphene petals grown by MPCVD present a fabrication protocol that
eliminates the complexity of traditional substrate fabrication that typically includes
anodic alumina or polycarbonate templates and/or multi-step lithography steps. Use of
nanoparticle decorated graphene petals for electrochemical sensing (using Pt
nanoparticles) and surface enhanced Raman spectroscopy (using Ag nanoparticles) is
demonstrated. Finally, use of few-layer graphene films as oxidation barrier under ambient,
high temperature (400 oC) and under flow boiling condition is presented. Application of
graphene petals and films were carried out in collaboration with the members of the
group. Work on electrochemical sensing was led by Dr. J.C.Claussen. Dr. C.S.Rout
performed surface enhanced Raman spectroscopy study. Study of graphene as oxidation
barrier under flow conditions was performed by A.S.Kousalya.
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7.1

Pt Nanoparticles on Graphene Petals for Electrochemical Biosensing
In this work we present the growth of Pt nanoparticles to enhance the electro-

reactivity of multi-layer graphene petal nanosheets (MGPNs) grown by MPCVD.
ThesePt nanoparticle/MGPNs outperform conventional planar Pt nanoparticle/HOPG in
terms of glucose sensitivity, thus demonstrating the impact nanostructured, three
dimensionally arrayed MGPNs fused with Pt nanoparticles can exhibit in electrochemical
sensing.
7.1.1

Fabrication Challenges
To bridge the gap between fundamental research and commercial biosensor

applications, fundamental nanoelectrode array fabrication challenges that still need to be
addressed include protocols for efficient electrode development and enzyme
immobilization.

Existing

nanoelectrode

fabrication

protocols

typically

require

lithography and chemical processing steps that are expensive, limited to serial processing,
and not suitable for a wide variety of materials [172]. Templated development of
nanoelectrode arrays with anodic alumina or polycarbonate generally eliminates the need
for lithography, but still requires multi-step fabrication protocols (e.g., physical vapor
deposition, anodization, and electrodeposition) to develop the template and subsequent
nanostructures [173-177]. Likewise biosensors comprised of ordered and semi-ordered
arrays of carbon nanotubes (CNTs) typically require template development or lithography
to geometrically distribute metal catalysts and/or chemical functionalization steps to
prepare CNTs for conjugation with biorecognition agents [178-180]. However, recently
developed graphene petal nanosheets, with highly reactive edge planes, can be grown
directly on a variety of surfaces without the need for metal catalysts—creating a
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nanostructured surface well suited for integration into numerous electrochemical sensing
applications [72, 181].
This work helps address the limitations that nanoelectrode array biosensors
currently face. In lieu of lithography/etch back fabrication techniques, porous templates,
or metal catalyst driven carbon nanotube arrays we grow multilayered graphene petal
nanosheets (GPNs) on a silicon wafer through a chemical vapor deposition technique.
The GPNs act as a highly conductive template for subsequent Pt nanoparticle
electrodeposition. A one-step electrodeposition process is used to grow platinum
nanoparticles (PtNPs) along the graphene petal edges and planes to enhance
electrochemical performance. The size and density of the PtNPs are manipulated to
maximize the biosensor sensitivity and dynamic sensing range.
A robust sensor biofunctionalization protocol is used to electrodeposit enzyme
with the electrically conductive polymer Poly(3,4-ethylenedioxythiophene) (PEDOT)
onto the electrode surface. In order to benchmark the performance against the broadest
collection of biosensors, enzyme glucose oxidase (GOx), is encapsulated within the
PEDOT matrix for subsequent amperometric glucose sensing. The optimized PtNP-GPN
glucose biosensor performance proves to be exemplary with strong glucose sensitivity
even after 5 weeks of use, minimal interference from endogenous electroactive species
(i.e., ascorbic acid, uric acid, and acetaminophen) typically found in human serum
samples, and a low detection limit and wide linear sensing range that greatly improves
upon the performance of glucose biosensors previously reported in the literature.
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7.1.2

Petal Growth and Characterization
A monolithic layer of GPNs were grown across a Ti coated silicon substrate

through a microwave plasma chemical vapor deposition technique The petals uniformly
grow across the surface of the electrode—protruding a distance of approximately 500 nm
from the surface Figure 7.1 (a). The 1 – 10 nm thickness of the petals (measured by a
Veeco atomic force microscope) are consistent with previous reported morphologies
corresponding to 5 – 25 graphene layers [72, 182]. In an effort to increase the
electroactive nature of the GPN electrodes and improve subsequent PtNP deposition, the
GPN electrodes were exposed to a 30 second oxygen plasma etch. The effects of this
etching process were

characterized with Raman spectroscopy, ferricyanide cyclic

voltammetry, and amperometric hydrogen peroxide (H2O2) sensing.
Raman spectroscopy has been used extensively to characterize carbon
nanostructures including multi-layered graphene [88, 90]. The Raman spectra of the
MGPNs before and after the oxygen plasma etch are shown in Figure 7.1 (b). The Raman
spectra display a D band near 1350 cm-1, a G band near 1580 cm-1, and a 2D band near
2700 cm-1. The D peak, which is a disorder induced peak, arises in the presence of
defects [88]. The peak intensity ratio (both ID/IG and I2D/IG) and the shape and full width
at half maximum (FWHM) of the 2D peak have been used to characterize single and few
layer graphene [89, 91, 92]. The relative intensity of the G peak and the 2D peak ( I2D/IG
~ 0.5) and the FWHM of the 2D peak [FWHM(2D) = 64] indicate that the petals are
likely made up of only a few layers of graphene sheets [89, 91]. The oxygen plasma etch
results in a marked increase in the ID/IG ratio, (from 0.17 to 0.48), thus indicating
increased defects in the plasma treated MGPN. These defects created through plasma
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etching assist in subsequent nanoparticle deposition by serving as nanoparticle nucleation
sites [182, 183].
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Figure 7.1. Characterization of the graphene petal nanosheets (GPN) electrodes before
and after exposure to an oxygen plasma etch. (a) SEM micrographs of a GPN electrode
grown by MPCVD on a Ti coated silicon substrate. Inset shows a magnified view. (b)
Raman spectra of the GPNs displaying an intensity increase in the D peak after O2
plasma etch. (c) Cyclic voltammograms created by scanning the potential between -0.2 V
and 0.6 V at a scan rate of 100 mV/s (d) H2O2 calibration plot displaying amperometric
sensing of H2O2 oxidation. Inset portrays a bar graph of H2O2 sensitivity of the GPN
electrode before and after the oxygen plasma etch.

In order to quantify the electron transfer (ET) rate of the MGPN electrodes,
ferricyanide cyclic voltammetry before and after the oxygen plasma etch was performed
while the separation between the anodic and cathodic peak currents (ΔEp) was measured

102
(Figure 7.1 (c)). Cyclic voltammetry measurements were taken by immersing the
electrodes in 4mM Fe(CN)63- and 1 M KNO3 and scanning the potential between -0.2 V
and +0.6 V at a scan rate of 100 mV/s versus a Ag/AgCl reference electrode). The peak
anodic current (Ipa) more than doubles from 0.28 ± 0.5 mA to 0.58 ± 0.5 after the O2
plasma etch—indicating an enhancement in the electro-reactivity of the electrode. Finally
the GPN electrodes were electrochemically characterized by testing their sensitivity to
hydrogen peroxide (H2O2)—the measurable electroactive species byproduct of oxidase
enzymes including GOx (Figure 7.1 (d)). Amperometric H2O2 testing was first performed
via a 3 electrode set-up. The effect of the plasma etching is clearly noticeable as the
sensitivity to H2O2 increases from 0.015 mA mM-1 cm-2 to 0.595 mA mM-1 cm-2 before
and after etching respectively.

7.1.3

Effect of Oxygen Plasma Treatment
Plasma treatment has been shown to improve the interaction of Pt particles with

HOPG [184],carbon nanowalls (CNW) [182, 185] and carbon nanotubes (CNTs) [186].
Improved interaction with graphitic carbon on plasma treatment has also been shown for
other metal particles like Cu [187], Ni [188]and Au [189]. The increased interaction of
the particles leads to both a decrease in particle size and an increase in number density
[184]. The plasma treatment is believed to create defects which can then functionalize by
reacting with either the atmospheric components or the components in the plasma. In case
of oxygen plasma treatment it leads to a functionalization of the surface with oxygen
containing species. The metal particles can strongly bond to these defects which then
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results in a smaller particle size and increased particle number. The increased interaction
of the Pt particles in our case leads to better sensing performance.
Increase in charging current by an order of magnitude in cyclic voltammogram of
oxygen plasma treated HOPG has also been observed [190] . The voltammogram of
untreated HOPG was virtually featureless. The increase in current was attributed to both
an increase in the surface area on oxygen plasma treatment as well as to the change from
hydrophobic(untreated HOPG) to hydrophilic (after plasma treatment) nature of the
surface [190]. Since our multilayer graphene petal nanosheets(MGPN) are grown using
microwave hydrogen plasma. They already have some defect to begin with. Thus even
untreated MGPNs also show the distinct features of a cyclic voltammetry test. Treatment
with oxygen plasma further leads to an increase in defects as is demonstrated by the
increase in the D/G peak intensity ratio in the Raman spectrum. As explained before, this
leads to an increased current in the cyclic voltammetry test.

7.1.4

Glucose Sensing Results
The sensing range of the optimized Pt-GPN biosensor was wider than all other

nanostructured biosensors reported in the literature. Furthermore, the wide linear sensing
range of the Pt-GPN biosensor not only enables glucose sensing within the physiological
range for blood glucose found within healthy [3.6 mM and 7.5 mM (65 mg/dL – 135
mg/dL)] and diabetic [1.1 mM and 20.8 mM (20 mg/dL – 350 mg/dL)] patients;[191, 192]
it enables glucose sensing in saliva [193], tears [194] and urine [195] as well—opening
the door for unique glucose sensing paradigms were glucose levels from distinct human
serums could be monitored simultaneously (Figure 7.2).
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Figure 7.2. Glucose sensing ranges of the Pt-GPN glucose biosensors [Pt
electrodeposition current pulses of 312µA (orange), 625 µA (red), 1.25 mA (green), 2.5
mA (blue), and 5.0 mA (purple)] as compared to glucose levels found in urine, blood,
tears, and saliva.

7.2

Ag Nanoparticles on Graphene Petals for Surface-Enhanced Raman Spectroscopy
In this work,we show that graphene petals grown by MPCVD act as a facile and

versatile substrate for surface-enhanced Raman spectroscopy with high sensitive
detection. As explained previously, such petal based substrates are easy to fabricate over
large areas without the need for advanced microscale processes such as lithography. We
studied surface-enhanced Raman scattering (SERS) from Ag nanoparticles decorated on
graphene petals grown by microwave plasma chemical vapor deposition without catalyst.
Ag morphology was controlled by exposing the petals to oxygen plasma and through the
electrodeposition process by varying the number of deposition cycles. As explained
previously, oxygen plasma treatment helps in increasing the nanoparticle density over the

Se
ns
or
1

-1

5.00 mA
2.50 mA
1.25 mA

105
petals. The petal based SERS substrates were capable of detecting low concentrations of
rhodamine 6G, showing much higher Raman enhancement than ordinary planar HOPG
with Ag decoration. The major factors contributing to this behavior include: high density
of Ag nanoparticles, large surface area, high surface roughness, and the underlying
presence of vertically oriented graphene petals The relatively simple and scalable
procedure of substrate preparation and nanoparticle decoration suggests that this is a
promising approach to fabricate ultrasensitive SERS substrates for biological and
chemical detection at the single-molecule level, while also enabling the study of
fundamental SERS phenomena.
Surface-enhanced Raman scattering (SERS) is a powerful surface analysis tool
that offers molecular specificity and extraordinary sensitivity for single-molecule
detection [196, 197]. SERS can magnify weak Raman signals by several orders of
magnitude and can facilitate the specific detection of biological and chemical materials in
a non-destructive manner. Recent progress has produced significant interest in designing
SERS substrates to gain fundamental insights into this enhancement phenomenon, and a
wide range of interesting applications have been proposed from noninvasive biological
detection to single-nucleotide identification in DNA sequencing [198]. The majority of
recent SERS work has been conducted on Ag or Au films, lithographically patterned
substrates or nanoparticle aggregations, which facilitate large enhancements of Raman
scattering signals from labels that are in close proximity to noble metal surfaces [199201]. In the present work, we report a new underlying SERS substrate, graphene petals,
that provides further enhancement.
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Figure 7.3 shows FESEM images of the Ag-decorated petals after an increasing
number of electrodeposition cycles. For 50 cycles, a homogeneous distribution of discrete
and spherical Ag nanoparticles with diameters near 30 nm is observed on the petals with
no agglomeration (Figure 3a). By increasing the number of electrodeposition cycles to
100, the Ag nanoparticles grow larger, with diameters in the range 100-150 nm (Figure
3b). Nanoparticle agglomerates were observed above 200 cycles of electrodeposition, as
observed in Figure 3c and d.

Figure 7.3. FESEM images of Ag electrodeposited CNWs for (a) 50 cycles, (b) 100
cycles, (c) 200 cycles and (d) 300 cycles.

Rhodamine 6G (R6G) molecules, a strongly fluorescent xanthane derivative, were
selected for SERS studies. We recorded Raman spectra of R6G molecules on petals, Ag
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deposited on HOPG and petals. We did not observe any significant change in the Raman
spectra of bare CNWs after R6G adsorption (Figure 7.4 (a)), whereas a broad Raman
peak was observed in the case of Ag-decorated HOPG (Figure 7.4 (b)). Figure 7.4(c-e)
contains a series of Raman spectra of varying R6G concentrations (10-6, 10-7 and 10-8 M)
on Ag-decorated graphene petals. At lower concentrations, relatively more intense SERS
peaks were observed compared to the higher concentrated R6G solutions.

Figure 7.4. Raman spectra of 10-7 M R6G on (a) CNWs, (b) on Ag deposited HOPG.
Raman spectra of (c) 10-6 M, (d) 10-7 M and (e) 10-8 M R6G on Ag-decorated graphene
petals.

The SERS results confirm that Ag-decorated graphene petals create a hybrid SERS
substrate to detect R6G as low as 10-8 M, a level that is difficult to detect through
conventional Raman spectroscopy.
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7.3

Oxidation and Corrosion Resistance of Graphene
In this work we study the oxidation and corrosion resistance of few-layer

graphene samples prepared by MPCVD. Oxidation resistance of graphene over Cu foil
was observed for graphene films grown over Cu foils. A further study was carried to
study corrosion resistance of few layer graphene over Cu surface in a flow boiling
condition. Surface analysis after flow boiling tests indicates significant oxide formation
on the entire surface of the bare copper substrate; however, oxidation is observed only
along the grain boundaries of the graphene-coated substrate. Results show that few-layer
graphene can act as a protective layer even under vigorous flow boiling conditions,
indicating a broad application space of few-layer graphene as an ultra-thin oxidation
barrier coating.
Several groups have demonstrated the effectiveness of graphene as a protective
coating. Chen et al. [202] reported a CVD graphene coating as a diffusion barrier and an
oxidation resistant layer for Cu and Cu/Ni alloy surfaces exposed to atmospheric air up to
4 hours at temperatures as high as 200 °C. Long-term exposure (2 days) to the
atmosphere showed oxidation to some extent throughout the foil along with significant
oxidation along grain boundaries. Graphene coatings also provided substantial protection
to Cu and Cu/Ni alloys exposed to an oxidizing aqueous solution of H2O2, although only
short duration exposure was investigated (less than 15 and 45 min for Cu/Ni alloy and Cu,
respectively). Prasai et al. [203] demonstrated significant reduction in corrosion rates of
graphene-coated Cu and Ni in aerated Na2SO4 solution. Corrosion of metal was found to
occur predominantly at cracks in the graphene film. Kirkand et al. [204] investigated
electrochemical corrosion resistance of graphene-coated Cu and Ni in aqueous media and
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demonstrated that few-layer graphene coatings significantly reduce the rate of corrosion
in pure metals.
7.3.1

Oxidation Resistance at Room Temperature
Few layer graphene grown over Cu foil were observed to prevent oxidation even

after the foil was exposed to ambient air. Figure 7.5 (a) shows an example of a survey
spectrum obtained from the films grown on Cu foil. Only copper and carbon
photoemission peaks are present in the spectra. The XPS spectrum shows no evidence of
other elements except less than 1 at. % of oxygen, which is attributed to the sample’s
exposure to the laboratory air. Absence of oxygen indicates effectiveness of graphene as
an oxidation barrier coating over Cu foil. Copper peaks were detected because the
deposited carbon film was thin enough to allow copper-originated photoelectrons to pass
through. The inset in Figure 7.5 (b) shows a high-resolution spectrum of the Cu 2p region.
The symmetrical peak shape, peak position and the absence of the shake-up satellites
unambiguously indicate that metallic copper was not oxidized and that no copper oxide is
present at the copper-carbon interface.
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Figure 7.5. XPS survey spectrum of graphene film on Cu (b) High-resolution spectrum of
the C 1s region. The inset shows a high resolution spectrum of the Cu 2p region.

7.3.2

Oxygen Diffusion Barrier at High Temperature
Effectiveness of graphene as oxygen diffusion barrier was further confirmed in

another experiment designed initially for study of graphene as barrier to Cu diffusion in
SiO2 First, a layer of graphene on copper foil was coated with a film of SiO2 on top. The
sample was then annealed in vacuum at 400 oC. XPS depth profiling of the sample
showed that very little oxygen had diffused into copper. Figure 7.6 shows the atomic
concentration as a function of depth. Initially only oxygen and Si are detected due to the
presence of SiO2. On etching further, graphene (if present) and then Cu begin to appear.
For the sample with graphene, oxygen concentration in copper reduces sharply to zero,
while for the sample without graphene the concentration remains at a significant level
indicating diffusion of oxygen into copper.
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Figure 7.6. Resluts of XPS depth profile study over (a) SiO2 on Cu sample with no
graphene layer in between (b) SiO2 on Cu sample with a graphene layer in between. Drop
in oxygen concentration on inserting the graphene layer can be clearly seen.

7.3.3

Oxidation Protection Under Flow Boiling
For studying the effectiveness of few-layer graphene as oxidation resistance under

flow boiling conditions, six flow-boiling experiments were conducted (T1-T6) (three
experiments on bare copper (T1-T3) and three on graphene-coated copper (T4-T6)). Both
single-phase (liquid) heat transfer coefficients and two-phase flow-boiling curves were
obtained from each of the six experiments.
The Raman spectrum of graphene-coated sample after testing (Figure 7.7) reveals
the presence of D, G and 2D peak signatures of graphene. The ratio of the D to G peak
intensities before and after boiling (1.74 before testing, 2.25 after testing) reveal an
increase in defect density of graphene after thermal testing.
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Figure 7.7. Raman spectrum of graphene-coated copper substrate (a) before and (b) after
thermal testing.

Figure 7.8 (a) compares the XPS survey spectra of copper substrate with and
without graphene coating. The O 1s peak was more intense on the bare copper substrate
compared to that with the graphene coating. The oxygen content on bare copper substrate
was 30% (at.) while that value reduced to 11% (at.) for the copper substrate with
graphene coating. This result clearly indicates that the oxidization process on the bare
copper substrate surface proceeds at a faster rate.
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Figure 7.8. (a) Post-boiling XPS survey spectra of mirror-finished copper substrate with
and without graphene-coating (b) Post-boiling XPS survey spectra of mirror-finished
copper substrate with and without graphene-coating.

Figure 7.8 (b) compares the thermal characteristics obtained for all six test runs on
the two mirror-finished copper substrates, one with and one without the graphene coating.
The six curves reveal that the heat transfer characteristics of the two substrates are similar
and within the experimental uncertainties for most test points, both in the singe-phase and
two-phase flow regimes. These results demonstrate that few-layer graphene can act as a
protective layer even under vigorous flow boiling conditions. The ultra-thin graphene
coating while not altering the thermal performance of the Cu surface, significantly
reduces oxidation.
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CHAPTER 8. CONCLUSION

8.1

Summary
The work contained in the thesis is a step towards large scale and easy fabrication

of few layer graphene films. A unique process for rapid synthesis of few-layer graphene
films on Cu foil by microwave plasma chemical vapor deposition (MPCVD) was
developed. The plasma/metal interaction was used advantageously for a rapid synthesis
of such thin films. Films of controllable quality from amorphous to highly crystalline
could be produced by adjusting plasma conditions during growth processes of ~100 sec
duration and with no supplemental substrate heating. Nitrogen doped graphene films and
graphitic petals can also be produced by using a similar process.
The thesis also opens up route towards obtaining seamlessly integrated all carbon
structures. Growth of graphene petals on carbon fibers and CNT arrays is demonstrated.
Graphene petals grow from the fiber surface layers while preserving graphitic continuity
from fiber to the petals. Such structures offer the possibility of minimizing interfacial
losses in transport applications and improved interactions with surrounding matrix
materials in composites. Growth of graphene petals on CNT array increases the
mechanical stiffness and elastic recoverability of a vertically aligned CNT array. Petal
density can be tuned by controlling the growth time. Such a structure offers a unique way
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to densify the CNT array and thus control the array stiffness. Petals also help in
preserving the array morphology and mechanical properties when placed under a solvent
A 3ω method was used to characterize the thermal interface resistance between carbon
fiber and a composite. Results show that plasma treatment of the fiber in combination
with carbon deposition reduces the interface resistance.
The thesis also demonstrates that graphene petals grown by MPCVD serve as
unique scalable substrates for high density nanoparticle deposition. Growth of petals is a
relatively simple catalyst free process that eliminates the complexity of traditional
substrate fabrication steps that typically include multistep lithography and/or use of
specially designed templates. Application of such nanoparticle decorated petal substrates
for electrochemical sensing (using Pt nanoparticle) and for surface enhanced Raman
spectroscopy (using Ag nanoparticles ) was demonstrated. Application of few-layer
graphene films as oxidation resistant barriers was also demonstrated. Few-layer graphene
can act as a protective layer not only under ambient conditions but also under high
temperature (400 ℃) and even under vigorous flow boiling conditions, indicating a broad
application space of few-layer graphene as an ultra-thin oxidation barrier coating.

8.2
8.2.1

Recommendations
Further Study of Graphene Growth Using Plasma Assisted CVD
Graphene growth using plasma CVD was reported only recently and not much

work has been done towards understanding the effect of process parameters on graphene
growth. Growth using plasma CVD involves a complex environment of highly energetic
radicals contained within the plasma field. Thus, it can be expected that the growth rate,
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growth mechanism, film quality and the effect of process parameters can differ
significantly from that of thermal CVD. Plasma conditions during growth can be studied
with the help of laser spectroscopy. Detailed characterization of graphene film quality
and its dependence on the kind of substrate used will provide insight into growth
mechanism. Graphene can be grown over different substrates. These include metal foils,
thin metal films and SiC. A study of graphene growth on each of these substrates will be
extremely useful in understanding graphene growth mechanism.

8.2.2

Suspended Graphene Devices for Thermal Property Measurements
Rapid advances have been made in chemical modifications of graphene to tailor

its electrical properties. In order to maximize the functionality of the devices, it is
essential that good thermal conductivity of graphene is preserved while an attempt is
made to tailor its properties. Thus, a way to easily characterize thermal properties of
graphene films would be very helpful. Most of the work so far has focused on thermal
characterization of graphene obtained by mechanical exfoliation. Such techniques
demand extremely careful sample fabrication prior to thermal testing. Large area
graphene growth by CVD offers a way to more easily fabricate both suspended and
supported graphene devices which can be thermally tested. 3ω method and DC selfheating methods can be used for such characterization. The techniques will also be useful
for characterization of other two dimensional materials like BN, Cx(BN)y and MoS2.
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